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Sir: 



DECLARATION OF PROFESSOR MARC VANDEVELDE 
UNDER 37 C.F.R. 5 1.132 

I, Univ.- Prof. Dr. med. vet. Marc Vandevelde, Diplomate of the European 
College of Veterinary Neurology (ECVN), do hereby make the following declaration: 

1. I am an employee of the University of Bern (CH - 3001 Bern, 
Switzerland). I am head of the neurology section in the department of clinical veterinary 
medicine, at the Vetsuisse faculty of the University of Bern. A copy of my curriculum 
vitae is attached as Exhibit 1. 

2. i have read and am familiar with the patent application referred to above, 
as well as the following publications: French, Am J Manag Care. 2001, 7(7 Suppl):S209- 
S214, Ross and Coleman, Neurosci. Behav. Rev. 24 (2000), 639-653, Berendt and 
Gram, J Vet Intern Med. 1999 13:14-20, Bialer et al., Epilepsy Research 43(2001), 11- 
58, and with the other references cited by the Examiner. I am also familiar with the 
body of literature dealing with epilepsy treatment in dogs and other pet animals. 
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3. I have read and am familiar with the arguments previously advanced by 
the applicants concerning the non-obviousness of the use of AWD 131-138 for the 
treatment of idiopathic epilepsy in dogs at the time the invention was made and the 
patent was filed, in view of the prior art cited by the Examiner. 

In my opinion, the use of AWD 131-138 for the treatment of idiopathic epilepsy in 
dogs was not obvious at the time the subject patent application was filed. 

4. One approach to the development of new antiepileptic drugs that is used 
frequently is the screening of new compounds in rodent seizure models and in animal 
models of epilepsy, such as the model of audiogenic seizures that require specific 
strains of subject rodents. Several such models have been used to characterize new 
compounds and to see whether these are potential antiepileptic agents in a target 
population, usually humans suffering from idiopathic epilepsy and idiopathic drug- 
resistant epilepsy in particular For a review of antiepileptic discovery strategies please 
see Unverferth et al M Ullmann's Encyclopedia of Industrial Chemistry, 7 th edition, 
Antiepileptics (a copy of which is attached). 

5. AWD 131-138 has undergone such studies. The compound was tested in 
experimental animal models with electrical induction of seizures, chemical induction of 
seizures and in the audiogenic seizure model. The results of these tests have been 
published by Bialer et al., Epilepsy Research 43 (2001), 1 1-58, which is of record. 

6. These models do not provide a suggestion that a compound would be 
useful as anticonvulsant for treatment of idiopathic epilepsy in dogs, as will now be 
shown. 

7. In all models, the procedure used is the same: Adequate animals are 
selected and separated into a control group, at least one drug treatment group, or 
usually, several drug treatment groups. While the control group is exposed to a vehicle 
dose (administered orally or intraperitoneally with the drug carrier), the treatment groups 
receive the test drug in question and/or a reference drug at different dose levels, using 
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the same route of administration as the control. After a predefined time, based on 
kinetic data for the species, such as the time of maximal plasma or brain exposure after 
administration, seizures are induced. Such induction may be caused by injection of a 
convulsant drug such as pentylenetetrazol, by application of electrical shock or by 
other means such as by application of a very loud sound in models employing animals 
with audiogenic susceptibility for seizures. The response to this stimulus in treated 
groups of animals is compared to the response in the control group and the reference 
group. 

8. As can be seen from this description, key to the testing of a candidate 
drug in such seizure models is the selection of the correct spacing between drug 
administration and seizure induction. Unfortunately, a human patient suffering from 
idiopathic epilepsy may experience seizures at any time. Therefore a compound for the 
successful treatment of idiopathic epilepsy in man needs to be active throughout a long 
period after administration. It is common knowledge that, after oral administration, 
drugs are absorbed, metabolized and finally excreted. This may take a few minutes, 
several hours, or even days. Only drugs which are present at therapeutically effective 
levels and which are active for at least several hours after dosing can be used for 
treatment of human patients with idiopathic epilepsy.. 

9. Drugs with rapid metabolism and rapid elimination are not successful 
anticonvulsants in man. Further more, they are not useful in dogs. 

10. Drugs which are useful for treatment of human epilepsy are in most cases 
not useful for the treatment of canine epilepsy. This is clear from the literature dealing 
with treatment of epilepsy of dogs. For example in 1985 Loscher et al. analyzed data in 
order to validate the epileptic dog as a model for human epilepsy (Loscher et al., 
Arzneimittelforschung (Drug Research) 1985;35:82-87, (a copy of which is attached). 
They tested a number of commercial anticonvulsants used in humans in epileptic dogs. 
Contrary to their expectations the authors discovered that most available 
anticonvulsants, with the exception of phenobarbital and primidone, were not useful for 
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treatment of focal and generalized seizures in dogs suffering from idiopathic epilepsy. 
The authors concluded that these agents were not suitable for treating dogs because of 
their short half-lives. The authors list phenytoin, carbamazepine, valproic acid, 
diazepam, clonazepam, and nitrazepam as drugs which were not active and not 
suitable. 

1 1 . While phenytoin, carbamazepine and valproic acid are the mainstay of old 
generation antiepileptics for treatment of humans (see French, table 1), they were not 
suitable for use in dogs. All such compounds, however, are active in several animal 
models of seizures including those used to test AWD 131-138 (Rostock et al., Epilepsy 
Research 1996; 23:211-223, a copy of which is attached). 

12. The latter reports demonstrate that data generated in experimental animal 
models are of limited relevance for the treatment of canine epilepsy. The data further 
show that the fact that a compound is a successful antiepileptic drug for treatment of 
human epilepsy does not predict clinically relevant activity in canine idiopathic epilepsy. 
Indeed, at the time of the invention set forth in the subject application, about 13 to 20 
major antiepileptic drugs were on the market for the treatment of epilepsy in humans. 
French lists 13 compounds in table 1 (French, Am J Manag Care. 2001, 7(7 
Suppl):S209-S214). In addition, clonazepam, diazepam, ethosuccimide and other 
compounds were also on the market. Bromides are used in some patients with drug 
resistant epilepsy, a number of minor drugs are available and further drugs were in the 
pipeline. None of these compounds are useful for treatment of canine epilepsy with the 
exception of phenobarbital and primidone and in some dogs also bromides. 
Phenobarbital and primidone remain the mainstays of canine anti-epileptic treatment 

13. As mentioned above , one possible reason why neither experimental 
animal data generated in seizure models nor data generated in human patients with 
idiopathic epilepsy can be extrapolated to epileptic dogs, is that canines metabolize 
chemicals very quickly, resulting in short half lives, and low plasma levels. The short 
half life of antiepileptic drugs in canines can not be compensated for with modified 
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release formulations. Such formulations, which are well accepted and useful in man, 
can not be used in dogs. The dog, as a carnivore has a short gut and rapid gut 
passage is sufficient for canine digestion. Short intestinal passages are not compatible 
with modified release formulations which release active compound over several hours. 
Such formulations are often excreted in dogs without full release of active compound 
rendering their administration useless. 

14. A further point must be considered related to the nature of the models 
used for testing AWD 131-138 (see Bialer et al. for effects of AWD 131-138 in these 
models). These models are models of induced seizures but not of epilepsy. In the 
maximal electroshock model, an otherwise healthy mouse or rat is exposed to an 
electrical shock to induce a generalized convulsion. In chemical seizure models, a 
compound capable of inducing convulsions is used to induce the seizures. In models 
employing audiogenic induction of seizures, mice with a genetic predisposition to 
induction of audiogenic seizures are exposed to high level sound which can induce 
convulsions, but only for a brief period during "adolescence" of the test animal. None of 
these animal models reflect true idiopathic epilepsy. Loscher et al. were aware of the 
lack of predictability of therapeutic usefulness of such animal models for treatment of 
idiopathic epilepsy in man. The latter authors therefore had considered using dogs 
suffering from idiopathic epilepsy, as a model for human idiopathic epilepsy; However, 
they failed to establish such animals as a model, This supports the position that canine 
idiopathic epilepsy is a complex phenomenon in a species who's biology and physiology 
differ vastly from humans and animal models of convulsion. Findings in respect to anti 
convulsive treatment in the latter, are therefore not applicable in dogs. 

15. in conclusion, to one of ordinary skill in the art the data indicating that 
AWD 131-138 is effective in several animal models of seizures by no means suggest 
that AWD 131-138 is effective for the treatment of canine idiopathic epilepsy. Data 
generated in mouse models of audiogenic seizures do not change this view. 
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16. I finally declare that all statements made herein are based on my best 
knowledge and that I believe them to be true. Furthermore, I declare that these 
statements were made with the knowledge that intentionally false statements and the 
like are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of 
the United States Code, and that such false statements may jeopardize the validity of 
the application or any patent issuing thereon. 



Dated: 
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Curriculum Vitae 

Marc Vandevelde 
Dr. med.vet., DECVN 
Professor 

School of veterinary medicine 
University of Bern, Switzerland 
Bremgartenstrasse 109 a, 3012 Bern, Switzerland 



Tel: 0041 31 631 2370 

FAX: 0042 31 631 2538 

Email: marc.vandevelde@itn.unibe.ch 
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Born 24 June 1947 in Bruges, Belgium 

1965-1971: Studies veterinary medicine, Univ. Gent, Belgium. Dr. med.vet. 

1970-71: Student- assistent in dept. of vet. Physiology, Univ. Gent (prof G. Peeters). 

Dissertation: „ Milkejection in primiparous cows in the presence of their calves." 
1971: Training in human neurlogy/neuropathology Bunge institute (prof. L. van Bogaert), 

Antwerp Belgium 

1972-1974: Training in comparative neuropathology and veterinary neurology at the 
institute of comparative neurology (prof. R. Fankhauser), University of Bern, 
Switzerland. 

1974-1979: Assistent professor at Scott-Ritchey foundation for small animal disease 
research (prof. BF Hoerlein), Auburn university, US. Training in neurology and 
exp. Pathology. Part-time in graduate programme at dept of comp. medicine, 
Univ. of Alabama in Birmingham, training in biochemistry, cell biology and 
laboratory animal medicine. 

1979-1984: Assistant professor in institute of comparative neurology, Univ. of Bern, 
Switzerland. Habilitation and appointment as Privatdozent for veterinary 
neurology. Development of clinical neurology service. Neuropathological service. 
Research. 

1980 : Doctoral dissertation: „ Studies on chronic canine distemper virus 
infection in the CNS" 

1983 : Habilitation. Dissertation:" Morphologic, immunocytochemical and immunological 
studies on the pathogenesis of demyelination in canine distemper" 

1984: Summer semester; Visiting professor, depts of neurology and pathology, univ. of 
California in Davis 

1985: Appointment as full professor and head of the institute of animal neurology, 
University of Bern 

1990 - : Responsible for the national Reference Laboratory for spongiform 

encephalopathies. Since 1998: Reference lab for spongiform encephalopathies 
of OIE. 

1995: Diplomate (founding member) of the European college of Veterinary Neurology 
2000 - 2005: Chairman of the department of clinical veterinary medicine, university of 
Bern 



Memberships 

Swiss neuropathological society 

World association for neuropathology 

European Society for Veterinary Pathology 

European Society for Veterinary Neurology( ex President) 

European College of Veterinary Neurology (diplomate) 

European Association for Veterinary Specialization (EAVS) 
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Review activity 



Editorial board Acta Neuropathologica 

Editorial board Vet J 

Editorial board Ann. Med. Vet. 

Editorial board Compendium der Veterinarmedizin 

Referee for various researchgrants 

Referee for various habilitations 

Referee for various tenure procedures 

Committee member and chairman for scientific evaluation of vet. faculties 



Positions/committees 



- Committee for cont.and postgrad, education, fac.vet med. Bern and Zurich 1989-95 

- Evaluation committee of vet. faculty (chairman) 1990-1996 

- Dean of the vet. faculty of Bern 1 994 - 96 

- Planning coordinator of vet. faculty 1996 - 

- Member of the University senate 1997- 

- President European Soc. Vet. Neurology 1987 - 90 

- Chairman credentials committee, Europ. College Vet. Neurology 94-95 

- Chairman of board of Ernest and Charlotte Frauchiger foundation 

- Member of executive board of the European Association of Educational Veterinary 

Establishments (EAEVE) 1996-2000 

- Committee for fusion of both swiss faculties 1997- 2000 

- Chairman/member of various congress organisations 



Research grants 



• Swiss national science foundation: CHF 

1980-1981 : Comparative Pathology of demyelinating diseases 187.000 
1982-1984: Pathogenesis of demyelination in canine distemper 246.197- 
1985-1987: Canine distemper virus-glial cell interaction in vitro 245.000 

1988-1991: Canine distemper-oligodendrocyte interaction 261.713 
1991-1992: Mechanism of virus induced cell damage in canine distemper 

virus infection 240.583 
1993-1996: Restricted Infection of oligodendrocytes 310.000 
1997-1999: Mechanisms of demyelination in canine distemper virus infection 

162.000 

1997-1999: Mechanisms of distemper virus persistence (co-invest) 

162.000 
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• Multiple Sclerosis Society 

1991 Is demyelination in canine distemper the result of oligodendroglial infection? 

25'000.-. 

1992 Mechanisms of viral persistence in canine distemper (co-invest) SO'OOO.-. 

1993 Studien zur abortiven Infektion in Oligodendrozyten (co-invest) 30*000. -. 

1994 Is the canine distemper virus leader responsible for restricted infection 
inoligodendrocytes? (co-invest) 30*000.-. 

1995 Mechanisms of viral persistence in the CNS (co-invest). 25'000.-. 
1997 Mechanisms odf distemper virus induced degeneration of Oligodendrocytes. 

20.000 - 

1999: Degeneration of oligodendrocytes 30.000.-. 



• Swiss Veterinary office; 

1992 Detection of spongiform encephalopathies in Switzerland SO'OOO.-. 

1993 Immunological and molecular biological techniques for detection of TSE in 
Switzerland SO'OOO.-. 

1994 Immunological and molecular biological techniques for detection of TSE in 
Switzerland SO'OOO.-. 

1996-1999: National reference lab for spongiform encephalopathies and neurocenter (in 
collaboration with nat. inst. for virology and immunoprophylaxis). Studies on true 
incidence of TSE in Switzerland. Development and validation of test systems. 
Epidemiological studies. 1 .200*000.-. 



• Others 

1990-93 In vivo ELISA test of CDV in the CSF. 

MERIEUX Co, France. 100,000.- 

1998-2001 FAIR Programme (EU); Partner im Projekt uber Molecular heriditary factors 
in spongiform encephalopathies (MASSES), (subcontractor): PrP expression in 
Bovines 425.000 - 



Awards 



- Honorary member of the Italian society for veterinary science. 

- WSAVA international award for scientific achievement 2004 
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Professional activity 



• Teaching: 

- Undergraduate: Neurology course, Neuropathology ( in course: Pathology of 
organsystems) 

- Post graduate: 

* Clinical neurology: Untill 1990 training of veterinarians ( total of 5 Residents). 
Untill 1992 active in national and international continuing education. 

* Neuropathology: weekly slide seminars. Neuropathology courses for 
pathologists (ca 1 week/year) 

• Research: 

Predominantly in the field of Neuropathology/Neuroimmunology/Neurovirology. Special 
interest: pathogenesis of demyelination in distemper. Collaboration in various other 
clinical and pathological research projects. 

• Service: 

Clinics: 1980 - 1991: Development of clinical neurology service and residency 
programme in collaboration with clinics of the vet school. 

Neurpathology: 1980 - Regular diagnostic activity. Since 1990 responsible for 
national reference lab for spongiform encephalopathies (since 1998 also reference lab 
forOJE) 

• Administration/management : 

Director of institute of animal neurologyfor 1 5 years ( ca. 20 collaborators) 
Faculty adminstration ( Dean for 2 years, coordinator of planning for 9 years, other 
committees) 

Chairman of department of clinical veterinary medicine (includes all clinics of the 
vetschool, ca.100 academic, 50 support staff) for 5 years 

• Carreer development 

- Training of Specialists in veterinary neurology: (clinical neurology, bis 1990): P. 
Bichsel, M. Cachin, M. Kornberg, A. Jaggy, A. Tipold, M. Wolf 

- Training in research; Doctoral students /Postdocs: A. Glaus, B. Dubacher, C. 
Botteron, C. Griot, M, Griot-Wenk, A. Zurbriggen, M. Kornberg, M. Brugger, D. 
Hamburger, S. Cerutti, E. Bollo 

- Habilitations: A. Zurbriggen, A. Tipold, A. Jaggy 



Languages 

Fluent (speaking, writing) German, French, Dutch, English 
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Publications 

Vandevelde M., Fankhauser R.: Zur Pathologie der Ruckenmarksblutungen beim Hund. 
Schweiz.Arch.Tierheilk. 114, 463-475 (1972) 

Peeters G., Debuysscher E., Vandevelde M.: Milk Ejection in Primiparous Heifers in the 
Presence of Their Calves. Zblt. Vet.Med. 20a, 7, 531-536 (1973) 

Fankhauser R., Freudiger U., Vandevelde M., Fatzer R.: Purkinjezellatrophie nach 
Masernvirus-Vakzinierung beim Hund. Schweiz.Arch.Tierheilk. 112, 353363 (1973) 

Vandevelde M: Epilepsie und Choreo-Athetose bei einem Husarenaffen (Erytrocebus 
patas) mit diffuser Erkrankung der Stammganglien. Schweiz.Arch. Tierheilk. 115, 
465-474 (1973) 

Ueltschi G., Steinberg S.A., Vandevelde M.: Darstellung einer Kleinhirnaplasie mit 
Hydrozephalie beim Kalb mittels Pneumoenzephalographie. Schweiz. Arch. Tierheilk. 
115, 471-474 (1973) 

Vandevelde M., Fatzer R.: Neurologische Komplikaties bij drie Honden na Vaccinatie 
met een Rabies weefselkultuurvaccin. VI. Diergeneesk.Tsch. 43, 253-259 (1974) 

Vandevelde M., Fankhauser R.: A Leucodystrophy in Miniature Rabbits. Fol. vet. lat. 3, 
620 (1973) 

Hani H., Vandevelde M., Scholl E.: Enzootisches Auftreten von Maulbeerherzkrankheit 
beim Schwein. Schweiz.Arch.Tierheilk. 116, 295-301 (1974) 

Steck F., Scholl E., Vandevelde M., Hani H., Hartmann H., Kilchsperger G., Pohlenz 
G.J.: Zum Vorkommen des Morbus Aujeszky beim Schwein in der Schweiz. 
Schweiz.Arch.Tierheilk. 116, 7 (1974) 

Vandevelde M., Muller R.: Syringomyelie bei einem Schwarz-Panther. Acta Zoologica et 
Pathologica Antwerpiensa,58, 123-130 (1974) 

Vandevelde M., Fatzer R., Fankhauser R.: Chronisch progressive Formen der 
Staupe-Enzephalitis des Hundes. Schweiz.Arch.Tierheilk. 116, 391404 (1974) 

Steinberg A., Vandevelde M.: A comparative study of two methods of cytological 
evaluation of spinal fluid in domestic animals. Folia vet. lat. 4, 235 (1974) 
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Steck F., Scharen B., Fatzer R Vandevelde M., Scholl E ., Hani H . : Vomiting and 
wasting disease bei Ferkeln in der Schweiz. Schweiz.Arch. Tierheilk. 117, 617-622 
(1975) 

Vandevelde M., Higgins R. J ., Greene C . E . : Neoplasms of mesenchymal origin in the 
spinal cord and nerve roots of three dogs. Vet.Path. 13, 47-48 (1976) 

Greene C.E., Vandevelde M., Braund K.G.: Lissencephaly in two Lhasa Apso dogs. 
JAVMA 169, 405-410(1976) 

Vandevelde M., Greene C.E., Hoff E.J. : Lower motor neuron disease with accumulation 
of neurofilaments in a cat. Vet.Path. 13, 428-435 (1976) 

Vandevelde M. , Fatzer R. , Fankhauser R.: Atypical lesions of the CNS associated with 
canine distemper. Proc. Vllth Int.Congr. Neuropathology. Excerp.Med. Amsterdam, 
513-516 (1975) 

Vandevelde M., Braund K.G., Hoff J.E. : Central neurofibromas in the dog: A study of 
two cases. Vet.Pat. 14, 470-478 (1977) 

Taylor H.W., Vandevelde M., Firth E.: Spinal cord infarction due to fibrocartilagenous 
emboli in the horse. Vet.Path. 14, 479-481 (1977) 

Greene C.E., Vandevelde M., Hoff E.J.: Cerebrospinal hypomyelinogenesis in a pup. 
JAVMA 171, 534-536 (1977) 

Higgins R.J., Vandevelde M., Braund K.G. : Internal hydrocephalus in young dogs 
associated with periventricular encephalitis. Vet.Path. 14, 236246 ( 1977 ) 

Higgins R.J., Vandevelde M., Hoff E.J., Jagar J.E., Cork L.K., Silberman M.S.: 
Neurofibrillary accumulation in the zebra (Equus burchelli). Acta Neuropathol.(BerL) 37, 
1-5 (1977) 

Braund K.G., Vandevelde M., Albert R.A., Higgins R.J. : Central (postretinal) visual 
impairment in the dog. A clinical-pathological study. J. Small Anim.Pract. 18, 395-405 
(1977) 

Swaim ST., Vandevelde M. : Clinical and histological evaluation of bilateral and deep 
dorsal hemilaminectomy in the dog. JAVMA 170, 407-413 (1977) 

Vandevelde M., Spano J.S. : Cerebrospinal fluid cytology in canine neurological disease 
. Am. J . Vet . Res . 38, 1827-1832 ( 1977 ) 

Vandevelde M., Boring G.B., Hoff E.J., Gingerich D.A.: the effect of Levamisole on the 
canine central nervous system. J. Neuropath. Exp. Neurol. 37, 165-173 (1978) 
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Vandevelde M., Kristensen B.: Observations on the distribution of canine distemper 
virus in the central nervous system in dogs with demyelinating encephalitis. Acta 
Neuropathol.(BerL) 40, 233-236 (1977) 

Hoerlein B.F., Vandevelde M.: Primary diseases of the brain and spinal cord. In Canine 
Neurology. Diagnosis and Treatment. Hoerlein 3rd ed. Lea and Febiger, 1977 

Kristensen B., Vandevelde M.: Immunofluorescence studies of canine distemper 
encephalitis on paraffin embedded tissue. Am.J.Vet.Res., 1017-1021 (1978) 

Braund K.G., Vandevelde M.: German shepherd myelopathy: A morphologic and 
morphometric study. Am.J.Vet.Res. 39, 1309-1315 (1978) 

Vandevelde M. t Kristensen B., Greene C.E.: Primary reticulosis in the canine brain. 
Vet.Path. 15, 673-675(1978) 

Nettles V.F., Vandevelde M.: Thalamic ependymoma in the whitetailed deer. Vet.Path. 
15, 133-135(1978) 

Braund K.G., Vandevelde M., Walker J. L, Redding R.W.: Disseminated granulomatous 
encephalitis in six dogs. JAVMA 172, 1195-1200 (1978) 

Vandevelde M., Braund K.G., Walker T.L., Kornegay: Dysmyelination in the Chow Chow 
dog. Acta Neuropathol.(BerL) 42, 211.215 (1978) 

Schields R., Vandevelde M.: A spontaneous lower motor neuron disease in the rabbit. 
Acta Neuropathol.(Berl.)44, 85-90 (1978) 

Swaim S.F., Vandevelde M., Faircloth J.C.: Evaluation of brain biopsy techniques in the 
dog. JAAHA 15, 627-633 (1979) 

Greene C.E., Vandevelde M.: Lissencephaly. In: Spontaneous Animal Models for 
Human Disease. Andrews, Altman, Ward eds. Academic Press, New York, (1979) 

Braund K. G., Walker T. L Vandevelde M. : Fascicular nervebiopsy in the dog. 
Am.J.Vet.Res. 40, 1025-1030 (1979) 

Braund K.G., Vandevelde M. : Polioencephalomalacia in 25 dogs. Vet.Path. 1 6, 661 
-672 ( 1979 ) 

Lisiak J . A. , Vandevelde M.: Studies on polioencephalomalacia associated with canine 
distemper virus infection. Vet.Path. 16, 650-660 (1979) 
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Stowe H . D. , Vandevelde M.: Lead encephalopathy in dogs fed high fat low calcium 
diets . J . Neuropath . Exp . Neurol . 38, 463-474 ( 1979 ) 

Vandevelde M., Braund K. G . : Polioencephalomyelitis in cats . Vet . Path . 1 6, 
420-427(1979 

Fankhauser R., Vandevelde M. : Liquoruntersuchung. Kleintierpraxis 24, 205-252 ( 
1979) 

Vandevelde M.: Degenerative disorders of the spinal cord . Vet . Clin . North Am. 10, 
147-154(1980) 

Vandevelde M., Schawalder P., Ueltschi G.: Degenerative Myelopathie beim Deutschen 
Schafer. Schweiz.Arch.Tierheilk. 122, 323-326 (1980) 

Luttgen P.J., Braund K.G., Brawner W.R., Vandevelde M. : Retrospective study of 
twentynine spinal tumors in the dog and cat. J. Small Anim.Pract. 21, 21 3-226 (1980) 

Vandevelde M., Fatzer R.: Neuronal ceroid-lipofiscinosis in older dachshounds. 
Vet.Path. 17, 686-692 (1980) 

Vandevelde M.: Primary reticulosis of the central nervous system. Vet. Clin. North Am. 1 
O, 57-63 ( 1980) 

Vandevelde M., Kristensen B., Braund K. G., Greene C . E ., Swango L . S ., Hoerlein 
B.F.: Chronic canine distemper encephalitis. Vet.Path. 17, 17-29 ( 1980) 

Swaim F.S., Vandevelde M., Sommers W.C., Baine L, McGuire J. A. : Comparison of 
hypothermic and normothermic spinal cord perfusion in the dog. Vet. Surg. 8, 1 19-124 
(1979) 

Vandevelde M., Meier C: Multiple sclerosis and canine distemper encephalitis: An 
epidemiological approach. J. Neurol. Sci. 47, 255-260 (1980) 

Vandevelde M., Fankhauser R ., Kristensen F., Kristensen B. : Immunoglobulins in 
demyelinating lesions in canine distemper encephalitis: An immunohistological study. 
Acta Neuropathol. (Berl.) 54, 31-41 ( 1981 ) 
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Currently available anticonvulsants can be 
grouped into first-generation drugs, which were 
marketed before 1975, and new drugs, i.e., drugs 
which were marketed 1989 or later. Although 
since 1989 nine new drugs have been mar- 
keted, the progress made especially in treatment- 
resistant patients can be only considered incre- 
mental. Therefore, the need for new anticonvul- 
sants which are effective in treatment-resistant 
patients and which are better tolerated still ex- 
ists. 



1. Introduction 

Epilepsy is a condition of recurrent, paroxysmal 
seizures. The epileptic seizure represents an ab- 
normal synchronized discharge among a large 
population of central neurons. Depending on the 
neuronal populations involved, a disturbance of 
movement, sensation, behavior, or conscious- 
ness can res ul t from the discharges [ 1 ] . However, 
a seizure can only be seen as a symptom which 
principally can be induced in every individual if 
strong enough stimulation is applied. Epilepsy is 
characterized by the increased susceptibility to 
experience seizures upon exogenous or endoge- 
nous stimuli. Clinically, only a patient who has 
experienced three or more seizures is considered 
to be epileptic [2], 

About 0.5 - 1 % of the world's population 
(i.e., more than 50 x 10 6 people) suffer from 
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epilepsy, which makes it one of the most com- 
mon neurological disorders; no major differ- 
ence is found between developed and developing 
countries [3]. The disease usually starts in child- 
hood with a second peak in elderly people, but 
people can become epileptic at any age. Once 
acquired, patients usually suffer from the dis- 
ease throughout their lives [3]. Epilepsy carries 
an increased risk of premature mortality. One 
study reported that patients who had not been 
seizure-free in the previous years had a 23-fold 
increased risk of sudden unexpected death rel- 
ative to those patients with controlled seizures 
[4]. 

The diagnosis of epilepsy is based on clini- 
cal observations of the seizures and on record- 
ing of changes in the electrical activity of the 
brain using scalp electrodes (electroencephalog- 
raphy, EEG). Since patients in most cases lose 
consciousness during seizures and since EEG 
recordings between seizures can be fully normal, 
a preliminary diagnosis is often based on seizure 
descriptions obtained from eye witnesses. An- 
cillary investigations exploring the etiology of 
the condition include different imaging tech- 
niques, seizure provocation experiments, and 
depth electrode recordings. Epileptic seizures 
can be distinguished from other convulsive-like 
states not involving synchronous activation of 
neuronal cells. Examples of these states include 
transient ischemic attacks or hyperventilation re- 
sulting in loss of righting reflexes due to fainting. 
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The pathophysiology of epilepsy is diverse, 
involving both intrinsic and extrinsic factors. 
Developmental or congenital anomalies such 
as neuronal dysplasia, vascular malformations, 
and cerebral atrophy as well as cerebral tumors, 
meningitis, encephalitis or cerebrovascular dis- 
eases are possible intrinsic factors. Birth trauma, 
head injuries, anoxic disturbances induced by 
respiratory arrest, intoxication with heavy met- 
als or other toxins and endocrine disorders such 
as uremia, hypoglycemia, or hypocalcemia are 
exogenous factors [5]. However, in most patients 
the epilepsy is of idiopathic origin. The precise 
mechanism involved in the increased suscep- 
tibility to synchronized discharges is still un- 
known. However, based on experiments with 
anticonvulsant and proconvulsant drugs and on 
biochemical findings from human epileptic tis- 
sue, several theories have been proposed. The 
increased excitability could be related to both 
neurotransmitter and ion channel function. An 
overactive excitatory and a reduced inhibitory 
neurotransmitter system has been found in these 
tissues. Reported changes in ion channel func- 
tion resulted in a diminished membrane poten- 
tial and a defective repolarization of the action 
potential. Besides these functional results, sev- 
eral genetic changes have been reported in both 
epilepsy-prone animals and in subpopulations 
of humans with epilepsy leading to hereditary 
epileptic syndromes [6, 7]. 

1.1. Classification 

Seizures are stereotyped within individuals, but 
vary considerably between patients. This neces- 
sitates a system of classification for both seizures 
(symptomatic classification) and epileptic syn- 
dromes (syndromatic classification). The most 
generally accepted classification system is that 
of the International League Against Epilepsy [8, 
9] ■ 

Classification of Seizures. Seizures are 
classified as to whether their onset is partial 
(focal) or generalized. 

Partial seizures are further subdivided ac- 
cording to whether consciousness is retained 
throughout the seizure (simple partial seizures) 
or impaired at some point (complex partial 
seizures). Patients having simple partial seizures 



show jerks or convulsions on one extremity. Dur- 
ing complex partial seizures, the patient is in a 
state of reduced consciousness, not fully recog- 
nizing his surroundings, experiencing hallucina- 
tions and performing automatic gestures, such 
as talking, fumbling with clothing, or walking 
around. Any partial seizure can become secon- 
darily generalized into a tonic - clonic convul- 
sion. 

Generalized seizures are further subdivided 
according to whether only consciousness is 
lost (absence seizures) or muscle activity is in- 
volved (myoclonic, clonic, tonic, tonic - clonic, 
or atonic seizures). An absence seizure is char- 
acterized by a sudden interruption of conscious- 
ness lasting only a few seconds without any other 
symptoms or with only a quick jerk of the eyes 
or hands. Myoclonic seizures are characterized 
by sudden jerks on the musculature of the limbs, 
the head, or the whole body, appearing in con- 
nection with absence seizures or as a separate 
entity. During an atonic seizure patients exhibit 
a sudden loss of muscle tone resulting in a fall to 
the ground (drop attack). Consciousness may be 
lost but is immediately regained. Tonic-clonic 
seizures start with a sudden loss of conscious- 
ness and a fall to the ground; a few seconds of 
intense tonic spasms of major muscles are fol- 
lowed by generalized jerks of the whole body. 
These convulsions gradually cease, leaving the 
patient comatose and flaccid. A gradual recov- 
ery of consciousness follows, often combined 
with confusion and drowsiness. Status epilepti- 
cus is a condition in which seizures follow each 
other without a recovery of consciousness bet- 
ween them. Both absence seizures and convul- 
sive seizures can occur as status epilepticus. 

Classification of Syndromes. A classifica- 
tion of epileptic syndromes is based not only 
on seizure characteristics but on more general 
features of the disease such as age of onset, type 
of EEG abnormalities, associated neurological 
features, or possible cause of disease includ- 
ing genetic factors [10, 11]. The International 
League Against Epilepsy [8, 9] has listed more 
than 30 different epileptic syndromes. 

1.2. Treatment of Epilepsy 

The treatment of epilepsy is based on pharma- 
cotherapy to suppress the seizure attacks, be- 
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havioral therapy to avoid seizure initiating situa- 
tions, and on surgical resection of the seizure fo- 
cus. As yet no ideal and general treatment regime 
exists for epileptic patients; the therapy rather 
has to be adopted individually. With optimal us- 
age of the aforementioned strategies, seizures 
can be fully controlled in about 70 - 80 % of 
patients, however, side effects often have to be 
accepted [12]. Although surgical resection of 
the hyperexcitable focus is considered the only 
available cure for epilepsy, only a small per- 
centage of patients, i.e., those having a defined 
singular focus which can be resected without 
disturbing vital brain functions, is eligible for 
surgery. Based on this well-defined population, 
the success rate of surgery is high but serious side 
effects can occur such as unwanted changes in 
personality or loss of brain functions like short 
term memory or ability to speak [13]. Behav- 
ioral treatment is aimed at avoiding endogenous 
or exogenous stimuli and is therefore only of 
symptomatic nature. Generally, the same is also 
true for pharmacotherapy, which is aimed at sup- 
pressing the seizure attacks. The pharmacother- 
apy must be adapted both to seizure type and 
epileptic syndrome. 

Antiepileptics (anticonvulsants) can be di- 
vided into drugs active against generalized ab- 
sence seizures, those against partial seizures, 
and in drugs with a broad spectrum of activ- 
ity. Since seizures are often resistant to pharma- 
cotherapy, two or more anticonvulsant drugs are 
concomitantly administered to improve seizure 
control [2, 14]. As of 2007, a syndrome-related 
therapy is becoming increasingly relevant with 
anticonvulsants assigned to treatment of spe- 
cific syndromes. However, drugs with market- 
ing authorization for specific syndromes are not 
necessarily specific for the treatment of such 
syndromes. Instead, the risk-benefit ratio, es- 
pecially in severe childhood syndromes such as 
Lennox-Gastaut syndrome, enables the use of 
anticonvulsants for the treatment of these syn- 
dromes while they could not be used in a broad 
spectrum of patients due to risk of severe side ef- 
fects. Examples of such drugs with broad spec- 
trum potent activity but syndrome-specific clini- 
cal use are vigabatrin, which induces visual field 
defects in up to 50% of patients [15], or elba- 
mate, which is afilicted with the risk of aplastic 
anaemia and hepatic failure [16]. Another rea- 
son for the development of an anticonvulsant 



for the treatment of epilepsy syndromes is the 
possibility to utilize fast development strategies 
since syndrome-specific treatments often fulfil 
the criteria for orphan drug status. This status en- 
ables rapid development of drugs for rare severe 
diseases and grants additional market exclusiv- 
ity. One recent example is stiripentol which was 
recently marketed under orphan drug status in 
the EU for the treatment of severe myoclonic 
epilepsy in infancy [17]. 

1.3. Discovery Strategies for New 
Antiepileptic Drugs 

Discovery strategies of new antiepileptic drugs 
focus on compounds which are effective es- 
pecially in patients which can not be satisfac- 
tory treated with currently available medication, 
i.e., which are drug-resistant. As a second goal, 
new AEDs should be better tolerated and should 
be easy to use. Since the pathomechanisms of 
epilepsy and especially of drug resistance are 
not fully understood, it is impossible to de- 
fine a single straightforward strategy to develop 
drugs aimed at a molecular target which is solely 
and critically involved in generation of seizures. 
Therefore, nonrational (older) strategies of drug 
development are still valid in this field [18, 19]. 

Serendipitous search for new drugs, based 
on anticonvulsant effects observed in in vivo 
or in vitro screening models of seizures, may 
lead to drugs with unknown modes of action but 
potent anticonvulsant activity. This approach, 
however, is limited by the animal models used 
[20]. If models are selected based on efficacy 
of known drugs, only drugs with a similar an- 
ticonvulsant profile might evolve. If models are 
selected to mimic the disease state or drug resis- 
tance [21], the predictive value might still be lim- 
ited. While a number of models with proposed 
predictivity for drug resistance are described in- 
cluding the phenytoin- or lamotrigine-resistant 
kindled rat and the 6-Hz-psychomotor seizure 
model of partial epilepsy, the predictive value 
of these models still awaits clinical validation 
[22]. A different successful strategy to find new 
marketable drugs which are better than existing 
ones is to optimize the structure of known anti- 
convulsants. This can be done using predictive 
animal models and structure-activity relation- 
ship (SAR) modelling to improve anticonvul- 



4 Antiepileptics 

sant potency while reducing unwanted effects. 
Often the optimization of metabolic properties 
of known drugs to prevent the generation of toxic 
metabolites is target for chemical modification. 
Examples of such structural optimizations are 
fluorofelbamate [23], eslicarbazepine [24], and 
different valproate derivatives [25]. While this 
strategy may result in compounds with reduced 
side effects, it is unlikely to obtain drugs which 
a new activity profile, targeting drug resistant 
patients. 

A more rational approach to new antiepilep- 
tic drugs and especially an approach focusing 
on individual molecular targets is hampered by 
two important factors: Heterogeneity of epilep- 
tic syndromes and lack of exact understand- 
ing of the cause of epilepsy. Molecular targets 
can principally be derived from at least three 
sources [26]. The first approach is to consider 
the molecular targets of synthetic or synthetic 
proconvulsant agents. This yields mostly targets 
which are already addressed by current anticon- 
vulsants, i.e., the GABAa receptor, Na + and 
Ca + channels, as well as glutamate receptors. 
Other convulsants block potassium channels. In- 
deed, first K + channel-activating drugs includ- 
ing retigabine [27] are under development but 
other K + channels may also serve as interesting 
targets. Finally, many metabolic poisons can in- 
duce seizures and it may be interesting to study 
the pathophysiology of such seizures. A related 
approach is to identify the mechanism of action 
of compounds with anticonvulsant activity. In- 
deed, this approach has yielded a number of in- 
teresting targets. The first drug taking this ap- 
proach was retigabine [28] identifying the Kv7 
channel as new target. More recently the discov- 
ery of the mechanism of action of gabapentin, 
i.e., the interaction with the a2S calcium channel 
subunit, has lead to the development and market- 
ing of pregabalin [29]; furthermore, the identifi- 
cation of the synaptic vesicle protein (S V2A) as 
molecular target of levetiracetam has resulted in 
the rational design of two new drug candidates 
which are in clinical testing, i.e., breviracetam 
and seletracetam [30, 31]. While seletracetam 
was found to be selective for the SV2A protein, 
breviracetam combines this activity with a use 
dependent block of neuronal sodium channels, 
i.e., with a target of many well-established drugs. 
This combination makes breviracetam an inter- 
esting candidate, with the potential for broad- 



spectrum anticonvulsant activity. However, the 
interaction with sodium channels may also result 
in typical side effects of sodium channel block- 
ers and the clinical benefit of this dual mecha- 
nism is to be shown. 

The second approach to identifying novel 
AED targets is to select from among the cel- 
lular elements that have a physiological role in 
generation of rhythmic discharges and epileptic 
phenomena in model preparations including hu- 
man tissue. While this approach identifies all the 
ion channels and receptors mentioned above, it 
in addition suggests some unexpected targets. 
These include gap-junction proteins (connex- 
ins), hyperpolarization-activated cation chan- 
nels and neurotrophins. [26]. While preclini- 
cal evidence supports the role of these target in 
epilepsy and while first compounds are avail- 
able, no drug has reached clinical development. 

The third rational approach to defining new 
AED targets is to consider as candidates the pro- 
tein products of genes associated with epilepsy 
syndromes in humans as well as in animals 
[26]. The genes of most hereditary epilepsy syn- 
dromes in man have been identified and in many 
cases the way in which gene mutation alters 
function has been established. The genes identi- 
fied so far encode predominantly ion channels, 
which are in many cases identical to targets of 
empirically identified drugs or which were pro- 
posed as targets utilizing the above mentioned 
rational target discovery strategies. 



2. Antiepileptic Drugs 

Landmarks in Antiepileptic Drug Treatment: 
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Gabapentin 
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Topiramate 
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Tiagabine 
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Levetiracetam 
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Pregabalin 


2007 


Stiripentol 



Phenobarbital was the first effective or- 
ganic antiepileptic agent and the starting point 
for structural variation leading to hydantoins 
(phenytoin), succinimides (ethosuximide), and 
oxazolidinediones (trimethadione). These active 
chemical classes exhibit certain structural sim- 
ilarities, they all have an imide group and a 
carbon atom bearing four nonhydrogen sub- 
stituents. In spite of chemical similarities, the 
structural variation leads to different anticon- 
vulsant effects. Like phenobarbital, phenytoin 
is highly effective in suppressing generalized 
tonic - clonic as well as simple complex partial 
seizures, and ethosuximide is effective in sup- 
pressing absence seizures. Although structural 
similarities exist between these classes, pheny- 
toin and ethosuximide exert the activity through 
different mechanisms. Thus, phenytoin blocks 
voltage dependent Na + -channels and ethosux- 
imide blocks Ca 2+ -T-channels. 

Therefore, structure-activity relationships 
can be discussed only within well-defined chem- 
ical classes: hydantoins [32], dibenz[b,e]aze- 
pines [33], acetic acids [34], succinimides 
[35], oxazolidinediones [36], barbiturates [37], 
benzodiazepines [38] or for compounds of dif- 
ferent chemical classes which exert anticonvul- 
sant activity essentially through the same mech- 
anism [39, 40]. 

Current therapeutic use is the criterion for 
listing a compound in this article. Since the 
1980s several new antiepileptic drugs have en- 
tered the market. At present the new drugs are 
an alternative to the old drugs for an increas- 
ing number of patients with refractory epilep- 
tic seizures. The search for effective and cheap 
drugs which are well tolerated and devoid of 
side effects still persists. Books on the old and 
new antiepileptic drugs [41, 42] and reviews of 
the new antiepileptic drugs [43, 44] have ap- 
peared, additional mechanistic aspects are dis- 
cussed in [45]. The market value of antiepilep- 
tics has grown significantly. Worth $ 0.56 x 10 9 
in 1987, the market topped $ 8 x 10 9 in 2003 
and, if current growth rates continue, could ex- 
ceed $ 14 x 10 9 by 2012 (currently, 50 % of the 
antiepileptic drugs are sold in North America). 
Much of this spectacular growth is due to the 
premium-priced products entering the market. 
The well-established and cheaper drugs (pheny- 
toin, carbamazepine, and valproate) covered in 
2003 about 30 % of the market. The share of the 
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anticonvulsant market attributed to epilepsy pre- 
scriptions has decreased because of growing use 
in other areas, predominantly neuropathic pain, 
bipolar disorder, and migraine. [46]. 

2.1. Phenytoin 

Phenytoin [57-41-01 5,5-diphenyl-2,4- 
imidazolidinedione, C15H12N2O2, M T 252.26, 
mp 295 - 298 °C; practically insoluble in water. 
1 g dissolves in about 75 mL of ethanol or 30 
ml of acetone. 

Phenytoin sodium [630-93-3], sodium 
5,5-diphenylhydantoin, Ci5HnNaN 2 0 2 , M T 
274.26; 1 g dissolves in ca. 66 mL of water. 
The aqueous solution is turbid unless the pH 
is adjusted above 11.7, which is the pH of the 
saturated solution. 1 g dissolves in 10.5 mL of 
alcohol. It is practically insoluble in ether and 
chloroform. 




H 



Trade names: Dilantin (Mylan Laboratories), 
Epanutin (Pfizer) 
Synthesis: 

1) Condensation of benzil with urea [47] 




H 



2) Bucherer reaction [48] 




phenytoin 
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Phenytoin and its sodium salt are effective 
in primarily and secondarily generalized tonic - 
clonic seizures and are also indicated in simple 
and complex partial seizures, but not in absence 
seizures. The intravenous form can be used in 
status epilepticus. The clinical use of phenytoin 
is complicated by its narrow therapeutic margin 
and its saturation kinetics. Side effects include 
nystagmus, ataxia, slowly progressing impair- 
ment of mental function, skin rash, gingival hy- 
perplasia, and hirsutism. The main mechanism 
of action of phenytoin is based on the blockade 
of voltage-dependent Na + -channels. 

The share of Dilantin in the world market was 
2 % in 2003. 

Other Hydantoins. 

Mephenytoin [50-12-4], 5-ethyl-3-methyl-5- 
phenyl-2,4-imidazolidinedione, can be substi- 
tuted for phenytoin where the peripheral neu- 
ropathy and hirsutism create problems. Side 
effects, including rash, fever, and fatal blood 
dyscrasia, prevent the use as an anticonvulsant 
drug of first choice. 

Trade name: Insulton (Sandoz). 

Ethotoin [86-35-1], 3-ethyl-5-phenyl-2,4- 
imidazolidindione, has never achieved the status 
of a drug of choice. 

Trade name: Peganone (Abbott). 



2.2. Carbamazepine and Oxcarbazepine 

Carbamazepine [298-46-4], 5//-dibenz- 
[b/]azepine-5-carboxamide, C15H12N2O, M Y 
236.26, mp 189- 193 °C; soluble in chloro- 
form, DMF, ethylene glycol monomethyl ether, 
or methanol, only slightly soluble in ethanol or 
glacial acetic acid, virtually insoluble in water. 




Trade names: Tegretol, Carbatrol (Novar- 
tis); others, e.g., Fokalepsin (Lundbeck), Sirtal 
(Sanofi), Timonil (Desitin). 

Synthesis: 5//-dibenz[6/]azepine is first re- 
acted with phosgene and then with ammonia 
[49]. 



Carbamazepine is the only antiepileptic 
combining structural characteristics of clas- 
sical antiepileptics with those of polycyclic 
psychoactive agents, such as imipramine (— > 
Psychopharmacological Agents). 

Carbamazepine is the drug of choice for 
complex partial seizures and is also effective 
against simple partial and generalized tonic - 
clonic seizures, but not against absence seizures. 
Carbamazepine also has an antineuralgic and a 
psychotropic effect, i.e., a positive influence on 
disturbed mood and behavior, and little or no 
detrimental effect on intellectual functions. Side 
effects include skin rash, headache, nausea, fa- 
tigue, vertigo, and ataxia. 

The substance is considered to exert its main 
effect by inhibiting voltage-dependent Na + - 
channels. 

The share of Tegretol and Carbatrol in the 
world market was 4.3 % in 2003. 

Oxcarbazepine [28721-07-5], 10,11-di- 
hy dro- 1 0-oxo-5 H -dibenz [b /] azepin-5 -carbox- 
amide, C 15 Hi 2 N20 2j M T 252.27, mp 215- 
216 °C; virtually insoluble in water. 



o 




Tradenames: Trileptal (Novartis), Timox 
(Desitin). 

Synthesis: Oxcarbazepine can be obtained in dif- 
ferent ways. 

1) Reaction of 10-methoxy-5//-dibenz[b,f]aze- 
pine (1) with phosgene gives the 5-chlorocar- 
bonyl compound, treatment with NH3 af- 
fords 10-methoxy-5^-dibenz[fc/]azepine- 
5-carboxamide (2), which is hydrolyzed with 
diluted HC1 to oxcarbazepine [50]. 




1 2 



oxcarbazepine 
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2) Nitration of 5-cyano-5//-dibenz[b/]aze- 
pine (3) with NaN0 3 in acetic anhy- 
dride/acetic acid gives 5-cyano-10-nitro-5//- 
dibenz[&/]azepine (4), which is treated with 
BF 3 and powdered iron in acetic acid [51]. 




oxcarbazepine 



3) The synthesis of intermediate A and the 
following cyclization by means of LDA 
and TMEDA in THF affords B The de- 
protection of B gives 10,ll-dihydro-5H- 
dibenz[b,f]azepin-10-one, which is finally 
treated with chlorosulfonyl isocyanate to af- 
ford oxcarbazepine [46]. 




Oxcarbazepine 



Oxcarbazepine is a new antiepileptic drug 
(launched in 1990). Compared with its parent 
drug, carbamazepine, it is metabolized via a dif- 
ferent pathway and may have milder side effects. 
The efficacy of the two drugs seems to be similar. 

The share of Trileptal in the world market was 
5.1% in 2003. 



2.3. Valproic Acid 



-222°C at 101.3 kPa, = 1.425, df = 
0.904; soluble in most organic solvents, includ- 
ing methanol, chloroform, and ether, solubility 
in water: 1.27 mg/mL. 

Sodium valproate [1069-66-11 C 8 Hi 5 Na0 2 , 
M T 166.20, colorless crystalline powder, hygro- 
scopic, very soluble in water (ca. 0.66 g/mL of 
solution), soluble in ethanol (ca. 0.2 g/mL of 
solution), practically insoluble in chloroform 
and diethyl ether. 

Calcium valproate [138995-18-31 
C 16 H 3 oCa0 4 • 2H 2 0, M T 362.5 




COOH 



H 3 C 



Trade names: Depakene, Depakote, Valcote 
(Abbott); others, e.g. Convulex (Lundbeck), 
Mylproin, Orfiril (Desitin), Convulsofin (Ca- 
salt, AWD.pharma). 

Synthesis: Diethyl malonate is alkylated 
with 1-bromopropane and then hydrolyzed and 
decarboxylated [53]. 

Valproic acid and its salts are major 
antiepileptic drugs for the treatment of ab- 
sence, myoclonic, and generalized tonic — 
clonic seizures and also may be effective against 
complex partial seizures. The most common side 
effects are gastrointestinal disturbances and se- 
dation. The most serious adverse effect is liver 
damage, although this is rare. Teratogenic ef- 
fects, predominantly spina bifida, are reported 
frequently. The mechanism of action of val- 
proic acid is not certain. The most cited mecha- 
nisms are the increase in GABA function and the 
blockade of voltage-dependent Na + -channels. 

The share of Depakote and Depakene in the 
world market was 17.6 % in 2003. 



2.4. Ethosuximide and Trimethadione 

Ethosuximide [77-67-81 3-ethyl-3-methyl- 
2,5-pyrrolidinedione, C 7 HnN0 2 , M r 141.17, 
mp 64-65 °C; very soluble in water. 



Valproic acid [99-66-1], 2-propylpentanoic acid, 
C 8 H 16 0 2 , M r 144.21; colorless liquid, bp 221 
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H 



Trade names: Zarontin (Pfizer), Petnidan 
(Desitin), Suxilep (Parke-Davis) 

Synthesis: The condensation of butanone 
with cyano ethyl acetate and subsequent reaction 
with NaCN and H 2 S0 4 gives 2-ethyl-2-methyl- 
succinic acid (5), which is ring-closed via the 
diammonium salt to yield ethosuximide [54]. 

ch 3 cn H c 

/ / I COOH 

\ \ NaCN/H 2 S0 4 kl 

H 3 C /—Q H 3 C COOH 



»- ethosuximide 

Ethosuximide is the most effective succin- 
imide against absence seizures. It acts by block- 
ade of T-type Ca 2+ -channels in thalamic neu- 
rons. 

Ethosuximide is a useful and unique 
antiepileptic drug, but for the most forms of ab- 
sences valproic acid is the drug of first choice. 

Phensuximide [86-34-0], 1 -methyl-3-phen- 
yl-2,5-pyrrolidinedione 

Trade name: Mirontin (Parke - Davis). 

Methsuximide [77-41-8], l,3-dimethyl-3- 
pheny 1-2 ,5 -pyrrolidinedione 

Trade name: Cerontin (Parke - Davis). 

Phensuximide and methsuximide have also 
some efficacy against complex partial seizures. 

Trimethadione [127-48-0], 3,5,5-trimeth- 
yl-l,3-oxazolidine-2,4-dione, C 6 H 9 N0 3 , M r 
143.14, mp 46-46.5 °C; slight camphorlike 
odor, burning faintly bitter taste; solubility in 
water about 5 %, freely soluble in chloroform, 
ethanol, and diethyl ether. 




CH 3 



Trade names: Tridione, Trimedone (Abbott). 

Synthesis: Ethyl 2-hydroxy-2-methyl- 
propionate (6), obtained by reaction of acetone 
and KCN, is condensed with urea in the presence 
of sodium ethoxide to give 5, 5 -dimethyl- 1,3- 
oxazolidine-2,4-dione (7), which is methylated 
with dimethyl sulfate to form trimethadione 
[55]. 




6 7 



(CH 3 0) 2 S0 2 [> trimethadjone 

Trimethadione is effective against absence 
seizures, but its clinical use is very limited be- 
cause of its toxicity. 

The share of succinimide and oxazolidine 
drugs in the world market is <1 %. 



2.5. Phenobarbital and Primidone 

Phenobarbital [50-06-6], phenobarbitone, 
5-ethyl-5-phenyl-2,4,6(l//,3^,5^)-pyrimi- 
dinetrione,Ci2Hi 2 N 2 03,M r 232.23; (synthesis 
and properties of phenobarbital and other barbi- 
turates — > Hypnotics, Section 5.1). 

\) o 

H 3 C X J*s. 
H 

Trade names: Eskabarb (GSK), Lepinal, Lu- 
minal ( Desitin), Phenobal (Fujinaga). 

Phenobarbital is highly effective in suppress- 
ing generalized tonic - clonic as well as sim- 
ple and complex partial seizures; however, its 
clinical use is limited because of its serious side 
effects: fatigue, drowsiness, irritability, and es- 
pecially deterioration of higher cerebral func- 
tions (attention memory, and intellectual per- 
formance). Intravenous use in status epilepti- 
cus may lead to severe respiratory depression. 
Phenobarbital potentiates inhibitory GABAer- 
gic and inhibits excitatory glutamatergic neuro- 



transmission through interaction with modula- 
tory binding sites on the respective neurotrans- 
mitter receptors. 

Methylphenobarbital [775-35-5], 5-ethyl- 
l-methyl-5-phenyl-2,4,6(l//,3//,5//)-pyrimi- 
dinetrione, is regarded as a prodrug for phe- 
nobarbital and has an advantage over phenobar- 
bital because it produces plasma phenobarbital 
levels that vary in direct proportion to drug dose. 

Trade name: Mebaral (Sanofi-Aventis). 

Primidone [125-33-7], 5-ethyldi- 

hydro-5-phenyl-4,6(l//,5//)-pyrimidinedione, 
Ci2H 14 N 2 02, M r 218.25, mp 281 -282 °C; 
slightly bitter taste; sparingly soluble in water 
(0.6 g/L at 37 °C) and most organic solvents. 

\_) o 

/—X^ NH 



Trade names: Liskantin (Desitin), Mylep- 
sinum (AstraZeneca), Resimatil (Sanofi- 
Avensis). 

Synthesis: Primidone is obtained by reduc- 
tive desulfurization of 2-thiophenobarbital with 
Raney nickel or zinc and formic acid, or by ring 
closure of ethylphenylmalonamide with form- 
amide or formic acid [56]. 

Primidone is effective against most general- 
ized and partial seizure types, but its clinical 
use is limited because of its serious side effects, 
which are similar to those of its main metabolite, 
phenobarbital. Although primidone is a prodrug 
for phenobarbital its antiepileptic properties are 
independent of phenobarbital. 

Phenobarbital and primidone are rarely 
used worldwide (share < 1 % of the sales of 
antiepileptics). 

2.6. Benzodiazepines (— > Hypnotics, 
Section 5.4, Sedatives, Section 3.1, —> 
Psychopharmacological Agents, Section 4.1) 

Clonazepam [1622-61-3], 5-(2-chlorophe- 
nyl)- 1 ,3-dihydro-7-nitro-2//- 1 ,4-benzodiaze- 
pin-2-one, C15H10CIN3O3, M v 315.72; syn- 
thesis: [57]. 
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Trade name: Rivotril (Novatris). 

The other 1,4-benzodiazepines, diazepam 
[439-14-5], 7-chloro-l,3-dihydro-l-methyl- 
5-phenyl-2/7 - 1 ,4-benzodiazepin-2-one, trade 
name: Valium (Roche), (-> Psychopharma- 
cological Agents) and nitrazepam [146-22-5], 
1 ,3-dihydro-7-nitro-5-pheny 1-2//- 1 ,4-benzodi- 
azepin-2-one, trade name: Mogadon (Roche), 
(-> Hypnotics, Section 5.4) as well as the 1,5- 
benzodiazepine clobazam [22316-47-8], 7- 
chloro- 1 -methyl -5 -phenyl- IH- 1 ,5-benzodiaz- 
epine-2,4(3//,5//)-dione, trade name: Frisium, 
(Hoechst), (— > Psychopharmacological Agents, 
Section 4.1.2) have been in clinical use for a 
long time. 

The major clinical use of the benzodiazepines 
in epilepsy is in the initial treatment of status 
epilepticus. They are also effective in a variety of 
other seizure types, but tolerance to their effects 
usually develops early in the course of treatment. 
For this reason they are used mostly for adjunct 
therapy in refractory cases. 

The antiepileptic activity of benzodiazepines 
is mediated primarily by an enhancement of 
GABAergic synaptic transmission. 

The benzodiazepines are widely used (sales 
of Rivotril 0.8 % in 2003). 



2.7. New Drugs 

Since the 1980s several new drugs have been ap- 
proved or are in the process of being approved, 
e.g., vigabatrin, felbamate, zonisamid, lamot- 
rigine, gabapentin, topiramate, and tiagabine 
(oxcarbazepine see Section 2.2). At present, the 
main use of the new agents is in patients that are 
refractory to first-line drugs such as carbamaze- 
pine or valproate. Further studies are required 
to characterize their activity spectrum as well as 
their potential value in monotherapy [43, 44]. 
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Vigabatrin [60643-86-91 4-amino-5- 
hexenoic acid, C 6 H n N0 2 , M r 129.16, mp 171 
- 177 °C; off-white crystals; solubility: water 
335 mg/mL,ethanol7.5 mg/mL, chloroform 0.1 
mg/mL. 



H,C. 



H 2 N 



COOH 



Trade name: Sabril (Merrell Dow), Sabrilex 
(AstraZeneca). 

Synthesis: The reaction of l,4-dichloro-2- 
butene with diethyl malonate in the presence 
of sodium ethoxide as catalyst in refluxing eth- 
anol gives l,l-bis(ethoxycarbonyl)-2-vinylcy- 
clopropane (8), which is converted into 3- 
carboxamido-5-vinyl-2-pyrrolidone (9) by reac- 
tion with gaseous ammonia in DMR This com- 
pound is treated with HC1 in refluxing acetic acid 
to yield vigabatrin [58]. 



H 2 C 



COOC 2 H 3 
COOC 2 H 3 



HC1 



vigabatrin 



Vigabatrin has a good efficacy profile in 
partial seizures. However, the treatment is fre- 
quently associated with retinal toxicity resulting 
in visual field defects. In addition, the anticon- 
vulsant efficacy is lost in up to 50% of patients 
due to development of tolerance. Other side ef- 
fects are weight gain and changes in mood and 
behavior. It has been found that vigabatrin po- 
tentates the GABAergic transmission through 
inhibition of GABA-transaminase. Due to the 
irreversible retinal toxicity, vigabatrin is cur- 
rently only used in few patients with otherwise 
intractable epilepsy syndromes and the use is 
based on a rigid case by case risk-benefit evalu- 
ation [15]. 

Lamotrigine [84057-84-1], 3,5-di- 

amino-6-(2,3-dichlorophenyl)-l,2,4-triazine, 
C9H7CI2N2, M T 256.09, mp 216 - 218 °C; off- 
white crystals; p/: a 5.5. 




H 2 N 



Tradename: Lamictal, Bipolam, Labileno 
(GSK) 

Synthesis: The reaction of 2,3-dichloroben- 
zoyl chloride (10) with Cu(CN) 2 and KI 
in refluxing xylene yields 2,3-dichlorobenzo- 
ylcyanide (11), which is cyclized with ami- 
noguanidine in DMSO [59]. 



ci ci 
10 





a ci 
11 

HN 

>-NH 
H 2 N NH 2 



P 
CN 



lamotrigine 



Lamotrigine is considered to be effective in 
different seizure types and it is well tolerated. 
The main mechanism of action is the blockade 
of voltage dependent Na + -channels. Severe skin 
rashes can necessitate the stop of the treatment. 

The share of Lamictal in the world market 
was 10.7 % in 2003. 

Gabapentin [60142-96-31 l-(amino- 
methyl)cyclohexaneacetic acid, CgHi7N02,M r 
171.24, mp 165- 167 °C; off-white crystals; 
zwitterion at physiologic pH; highly water sol- 
uble. 



oc NH2 

^ ' ^COOH 



Tradename: Neurontin (Pfizer), Gabax 
(Temmler) 

Synthesis: The synthesis is started with 
the Guareschi salt (12) (obtained from cy- 
clohexanone and cyanoacetate), which is hy- 
drolyzed and decarboxylated to give 1,1-cy- 
clohexanediacetic acid. The anhydride can be 
treated either with methanol to yield the half 
ester (13) or with hydroxylamine to afford the 
N-hydroximide (14). The half ester is con- 
verted to the azide and subjected to a Curtius- 
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type rearrangement to give the isocyanate (15) 
which is hydrolyzed to gabapentin. Gabapentin 
is also obtained from the corresponding ^-hy- 
droxy imide (14) via a Lossen-type rearrange- 
ment by conversion of (14) to Af-benzenesulfo- 
nyloximide and following reaction with triethyl- 
amine to the urethane ester (16) [60]. 




16 



Gabapentin has a good tolerability. Dizzi- 
ness, fatigue, somnolence, ataxia and tremor are 
relatively common. Its short half-life in the body 
is a disadvantage. Gabapentin binds with high 
affinity to a branched amino acid transporter. 
This may be the reason for increased GABA- 
levels in certain region of the brain during ther- 
apy with gabapentin. 

The share of Neurontin in the world market 
was 33.4 % in 2003, but the sales are decreasing. 

Topiramate [97240-79-4], 2,3:4,5-bis-0- 
( 1 -methy lethy lidene)-/3-D-fructopyranose sulfa- 
mate, Ci 2 H 2 iN0 8 S, M r 339.36, mp 125 - 126 
°C; [a]p = -34.0; soluble in methanol. 



Trade names'. Topamax (Johnson & John- 
son), Epitomax, Topimax (Janssen-Cilag) 

Synthesis: D-Fructose is reacted with acetone 
to produce the bisacetonide (17). This com- 
pound is then condensed with sulfamoyl chlo- 
ride in presence of sodium hydride [61]. 




ClS0 2 NH 2 /NaH 

- — *- topiramate 

Topiramate has a good efficacy profile in 
partial seizures and probably a broad spec- 
trum. Its mechanism of action includes block- 
ade of voltage-dependent Na + -channels, po- 
tentiation of GABA response, antagonism of 
Kainate/AMPA receptor sites, and inhibition of 
carbonic anhydrase. Clinically significant ad- 
verse effects associated with topiramate are fa- 
tigue, dizziness, somnolence, impaired concen- 
tration, ataxia, and weight loss. 

The share of Topamax in the world market 
was 13.1 % in 2003. 

Tiagabine [115103-54-31 (/?)-(-)- 
l_[4,4-bis(3-methyl-2-thienyl)-3-butenyl]-3- 
piperidinecarboxylic acid hydrochloride, 
C20H25NO2SO2 ■ HC1, M T 412.0, mp 193 - 
195 °C; off-white, nonhygroscopic, crystalline 
powder; sparingly soluble in water. 




H3C yCH 3 Tradename: Gabitril (Abbott), Tiabex 

j — o/O (Cephalon). 

(s ^ \/ \ 0 N Synthesis: Bromobis(methylthienyl)butene 

9 1 ^o' S ^ (18) is reacted with R-(— )-ethyl-3-piperidine 

H 3 C "7*"° carboxylate (19) and subsequently hydrolyzed 

1,30 to give the free base which is converted to the 

hydrochloride [62]. 
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^ tiagabine 

Tiagabine is considered to show a similar 
activity as vigabatrin or lamotrigine against 
refractory partial seizures in randomized- 
controlled add-on trials. Tiagabine exerts its 
effect by enhancement of GABAergic trans- 
mission through inhibition of GABA reuptake. 
Dizziness, headache, tremor, impaired concen- 
tration, and fatigue are common side effects. 

The share of Gabitril in the world market was 
0.8 % in 2003. 

Felbamate [25451-15-4], 2-phenyl-l,3- 
propanediol dicarbamate, C11H14N2O4, M r 
238.24, mp 150.3 - 151.2 °C; white crystalline 
powder; solubility in water 0.33 mg/mL, in eth- 
anol 5.0 mg/mL, and in DMF 333.4 mg/mL. 

o 




^-NH 2 
O 

Tradenames: Felbatol (Carter Wallace), 
Taloxa (Schering-Plough). 

Synthesis: The synthesis of felbamate was 
first published in 1959. 2-Pheny 1-1,3 -propane- 
diole is reacted with ethylcarbamate to yield fel- 
bamate [63]. 

Felbamate is effective in Lennox - Gastaut 
syndrome and it is considered to act by block- 
ade of voltage-dependent Na + -channels, antag- 
onism of excitatory transmission by selectively 
blocking NMDA receptors containing the NR2B 
subunit, and potentiation of GABA response. 
Felbamate, however, has been associated with a 
high risk of aplastic anemia and hepatotoxicity. 

The share of Felbatol in the world market was 
0.3 % in 2003. 



Zonisamide [68291-97-4], 1,2-benzis- 
oxazole- 3 -methane-s ulf onamide , Cg H 8 N 2 0 3 S , 
M r 212,23, mp 164 - 168 °C; white to pale yel- 
low crystals or crystalline powder; freely soluble 
in acetone, sparingly soluble in ethanol (95 %), 
soluble in water 0.8 mg/kg at pH 7. 



o 




Trade name: Zonegran (Eisai). 

Synthesis: The reaction of 3-bromomethyl- 
1,2-benzisoxazole with sodium sulfite in meth- 
anol/water gives sodium 1,2-benzisoxazole- 
3-methanesulfonate, which is converted into 
1 ,2-benzisoxazole-3-methanesulfonyl chloride. 
Treatment with NH 3 gives zonisamide [64]. 

Clinical trials have shown zonisamide to be 
a promising drug for treating a wide variety 
of seizures. Studies on zonisamide' s cellular 
mechanism of action have demonstrated that the 
drug blocks voltage-sensitive Na + - and Ca 2+ - 
channels. Relatively common side effects are 
anorexia, ataxia, dizziness, fatigue, somnolence, 
impaired concentration, and confusion. 

The share of Zonegran in the world market 
was 1.6% in 2003. 

Levetiracetam [102767-28-21 (-)-2(S)-(2- 
oxopyrrolidine-l-yl)butyramide, C 8 Hi 4 N 2 02, 
M r 170.21, mp 111 °C; white powder, readily 
soluble in water. 




Trade name: Keppra (UCB). 

Synthesis: The syntheses start from (S)- 
2-aminobutyramide (20) or (S)-4-(methyl- 
thio)-2-aminobutyramide [52], or alternatively 
from 2-pyrrolidone, followed by a resolution 
of the appropriate racemate with (R)-(+)-2- 
methylbenzylamine [65] or the appropriate in- 
termediate is submitted to an asymmetric hy- 
drogenation over a chiral Rh catalyst [66]. 
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— Levetiracetam 

Toluene 

Levetiracetam is an N-type calcium chan- 
nel (Ca(v) 2.2) blocker and is used worldwide 
against different seizures, among others it is ap- 
proved as a monotherapy for the treatment of 
partial onset seizures with or without secondary 
generalization in adults with newly diagnosed 
epilepsy. It is more effective in terms of respon- 
der rates than gabapentin and lamotrigine. Side 
effects can be headache, eruption, fatigue, stu- 
por, and impaired concentration. 

Keppra is a fast growing drug. The share in 
the world market was 4.2 % in 2003. 

Pregabalin [148553-50-81 3-(S)-3-(amino- 
methyl)-5-methy lhexanoic acid, C 8 Hi7N0 2 , 
M T 159.23, mp 186 °C; white solid. 

H 2 N 

H 2 C^J OH 
CH 3 

Trade name: Lyrica (Pfizer). 

Synthesis: Diethyl malonate reacts with 3- 
methylbutanal by means of dipropylamine to 
21. This intermediate is transformed to racemic 
pregabaline. The racemate is submitted to opti- 
cal resolution with S-(+)-mandelic acid [67]. In 
Ref. [68] the resolution of racemic 3-isopropyl- 
glutaramic acid is described. 

Pregabalin is also obtained by enantioselec- 
tive syntheses [69]. 




CH 3 



Pregabalin is a GAB A analogue and blocks L- 
type calcium channels. The efficacy in terms of 
responder rate, the facility in an add-on therapy 
by its pharmacokinetic profile and the reduced 
potential for drug-drug interactions compared to 
other antiepileptics resulted in a sales growth of 
2000 % in 2004-2005 [70]. Side effects can be 
stupor, somnolence and weight gain. 

Stiripentol [049763-96-41 Ml,3- 
benzodioxol-5-yl)-4,4-dimethyl-l-penten-3-ol, 
Ci 4 H 18 0 3 , M r 234.29, mp 74 °C; white solid. 




Trade name: Diacomit (Biocodex) 
Synthesis: The condensation of 3,4-methy- 
lenedioxybenzaldehyde with 3,3-dimethyl-2- 
butanone by means of NaOH gives 22, which 
is reduced with NaBH 4 [71]. 




Stiripentol 



Stiripentol is a GABA aminotransferase 
inhibitor and a GABA reuptake inhibitor. 
Stiripentol is used as an add-on to clobazam 
and valproate in children with severe my- 
oclonic epilepsy in infancy (Dravet's syndrome). 
Stiripentol is designated as an orphan medicine 
in EU. The most common side effects are 
anorexia, insomnia, drowsiness, and ataxia. 



2.8. Other Antiepileptic Drugs 

Sulfonamides. The sulfonamides acetazol- 
amide and sulthiam have been known as anticon- 
vulsants since 1952 and 1960, respectively. In 
most patients, the development of tolerance lim- 
its their usefulness as antiepileptic drugs. Their 
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anticonvulsant action is due to the inhibition of 
carbonic anhydrase. 

Acetazolamide [59-66-5], N-[5-(aminosul- 
fonyl)-l,3,4-thiadiazol-2-yl]acetamide, 2- 
acetylamino-l,3,4-thiadiazole-5-sulfonamide, 
C4H6N4O3S2, M T 222.25, (-+ Diuretics, 
Chap. 2). 




Trade name: Diamox (Lederle), Diamox 
(Sanofi-Avensis). 

Sulthiam [61-56-3], 4-(tetrahydro-2tf - 1 ,2- 
thiazin-2-yl)benzenesulfonamide S,S-dioxide, 
Ci 0 H 14 N2O4S2, M r 290.37; (synthesis [4]). 




Trade name: Ospolot (Desitin). 

Bromides were first introduced as anti- 
epileptic drugs into therapy in 1857. Side effects 
and ongoing difficulties in defining a therapeutic 
range of bromide therapy made their use become 
obsolete. Now these drugs encounter a kind of 
comeback because of their good activity against 
tonic - clonic seizures in refractory patients. 

Potassium bromide, KBr, tradename: Dibro- 
Be mono (Dibropharm). 
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Summary: In 126 epileptic clogs with spontaneously recur- 
ring generalized tonic- clonic, (grand ma!) seizures, epide- 
miological aspects and the efficacy of chronic oral treatment 
with common antiepileptic drugs were studied. Furthermore, 
the pharmacokinetics of antiepileptic drugs in dogs was 
compared with the values known for man. As in man, idio- 
pathic epilepsy appeared to be more common than sympto- 
matic epilepsy in dogs. There was a preponderance of male 
vs. female animals. When the breeds of the epileptic dogs- 
were compared to the distribution of breeds in the hospital 
population, breed-related differences in the prevalence of epi- 
lepsy were found. The highest prevalence was seen in Cocker 
spaniels, Miniature schnauzers, Collies and Bassets. The to- 
tal prevalence of dogs with epilepsy was 0.55%. Comparison 
of pharmacokinetics of antiepileptic drugs showed that some 
drugs were suited for maintenance therapy in dogs (primi- 
done, phenobarbital, ethosuximide, trimeihadione) whereas 
others appeared not to be ideally suited because of their short 
half lives (phenytoin, carbamazepine, valproic acid, diaze- 
pam, clonazepam, nitrazepam). This was confirmed by the 
evaluation of antiepileptic drug efficacy in epileptic dogs. 46 
dogs were treated with primidone at daily doses of 14-104 
mg/kgfor 6-60 months. During medication with primidone, 
effective plasma levels of its metabolite phenobarbital could 
be maintained. Complete control of seizures or a reduction 
of seizure frequency by at least 75% was achieved in 39% of 
the dogs at phenobarbital concentrations of 5-49 pg/ml. 
Similar figures were obtained during chronic treatment with 
phenobarbital at daily doses of 2.5-13 mg/kg. However, du- 
ring chronic treatment with phenytoin, carbamazepine, and 
valproic acid it proved impossible to maintain effective plas- 
ma concentrations, even when high doses were administered 
3 times daily. The data indicate that the epileptic dog is a 
suitable model of human epilepsy and offers a number of in- 
teresting epidemiological, pharmacokinetic and drug effi- 
cacy characteristics. The model provides special advantages 
for the. study of efficacy of chronic antiepileptic drug treat- 
ment, provided the pharmacokinetics of the drug to be stu- 
died allows the maintenance of effective drug levels. 

Zusammenfassung: Eignung des epileptischen ! I unties als 
Tiermodell fur die Epilepsie des Menschen 



An 126 epileptischen llunden mil wiederholt untl sptmtun 
auftretendvn generalisierten toniseh-klonisehen (Grand mah 
An/alien warden epiderniologische Aspektc sowie tliv Mirk- 
samkeit von gehrauehliehen Antiepileptika htu owler 
Dauerbehandlung untersucht. Ferner wurde die Pharmako- 
kinetik von Antiepileptika beim llund mil vom Mvmchen 
her hekannten Oaten verglichen. Wiv heim Menschen svhtvn 
idiopathische Epilepsie heim llund hdufiger zu win als 
symptomatische Epilepsie. Epilepsie trut hvi Rihlvn hiiufiger 
aufals bei Hiindinnen. Kin Vergleich der Rassvn vpitep- 
tischer Hunde mil der Rassenverteilung in der Klinikpupulu* 
lion ergab Rassenunterschiede: die luichste Priivuhnz fund 
sich beim Cocker-Spaniel, Zwergschnuuzer. Collie untl Mas* 
set. 'Zusammengenomnien betrug die Prdvaknz beim Hutu/ 
0,55%. Der Vergleich phannakokineiischer Datvn van Ami- 
epileptika Heft einige Stoffe beim llund li'tr eine Duucrhv* 
hantllung geeignet erscheinen (Primidon, Phenohurhitui. 
Ethosuximid, 'Trimethadion), wdhrend andere aufgnmti vi- 
ne r sehr kurzen Ualbwertszeit als wenigcr geeignei vtngC' 
schiitzt wurden (Phenytoin, Carbamazepin, Valpruimiiwv. 
Diazepam, Clonazepam, Nitrazepam). Die Untvrsuvhung 
der Wirksamkeit einiger Antiepileptika heim epileptic hen 
llund hestutigte diese Einschdtzung. 46 Hunde wvrttvrt Kir 
6-60 Monate mil Primidon behandelt, die Taxt'stttwn 
hetrugen 14-104 mg/kg. Wdhrend der Ih'handlung wurden 
wirksame Konzentrationen des Metaboliten Phenoharhual 
im Plasma aufrechterha/ten. Anfallsfreilwit oder Rcttukiion 
der Anfallsfrequenz urn wenigstens 75% wurde hci 3V% der 
Hunde erreicht, wobei Phenobarbital- Konzentrationen von 
5-49 fig/ml bestimmt wurden. Ahnliche Ergehnisse wurden 
bei Dauerbehandlung mil Phenobarbital erziell. die lu- 
gesdosen hetrugen 2,5-13 mg/kg Pel chronischer liehand- 
lung mil Phenytoin, Carbamazepin und Vulprainsaure war 
es dagegen nicht moglich. effektive Plasmakonzemrmitmen 
aufrechtzuerhalten, obwohl hohe Dosen dreimal tdgln h vt«r- 
abreicht wurden Die Ergebnisse tassen den epileptischen 
llund als Modell Jur die Epilepsieforschung gecignvi er« 
scheinen. Besondere Vorteile ergeben sich fur die Untmu- 
chung der Wirksamkeit bei Dauerbehandlung mil Antteph 
leptika, vorausgesetzt, dufi die Pharmakokinetik des zu uth 
tersuchenden Antiepileptikums das Aufreehterlmlivn wtrk* 
sumer Konzentrationen vrmiigliehu 



Key words: Antiepileptic drugs, clinical efficacy, pharmacokinetics • Epilepsy, experimental 



1. Introduction 

Epilepsy in man is generally characterized by chronically 
recurring, spontaneous clinical seizures. Experimental re- 



*) Presented at the Symposium "Evaluation of Anticonvulsant 
Drugs in Genetic Animal Models of Epilepsy" held at the 3rd 
European Winter Conference on Brain Research, Les Arcs (Sa- 
voic), France, March 13-19, 1983. 



search on epilepsy and antiepileptic drugs has mostly been 
done in mice and rats, in which seizures were induced by 
chemical or electrical methods [1). Though these rodent 
models have proved useful for the development of new an- 
tiepileptic drugs, they are obviously not closely related to 
human epilepsy. An ideal animal model for epilepsy should 
show the following characteristics: ' 

I . the development of spontaneously occurring recurrent 
seizures, " 6 
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;i type of seizure similar in its clinical phenomenology to 
seizures occurring in human epilepsy, 

3. pharmacokinetics of anticpilcptic drugs similar to those 
in man thus allowing the maintenance of eU'cettvc drug 
levels during chronic treatment, 

4. eU'ective plasma concentrations of anticpilcptic drugs 
similar to those reported for human epilepsy. 

No model at present meets all these criteria. 
Among domesticated animals, epilepsy seems to he fairly 
common in dogs (2. 3|. In scutch of an animal model that 
approximates human epilepsy more closely than the models 
presently used, we embarked on a systematic study of epi- 
leptic dogs. 

2, Material and methods 
2.1. Kplleptlc dugs 

I'loni a total of about ,12.(KH1 do#s observed at the Department nf 
Small Animal Diseases from Junuar) I, |'J7K to December Jl. 
I l »Su. \2t* tloK'* were included in this study. Inclusion enteri;i vsere 
1. generalized tonic clonic seizures (grand uml) with Io*s of cons- 
ciousness, 2. repeated and spontaneous occurrence of these seizures. 
y mi cluneal oi laboratory evidence for extracerebral etiology ot sei- 
zures, such a* hypoxia due to cardiovascular or pulmonary disease, 
hypoglycemia, hyj>ocalccnua, hepatopaltues ami nephropathies, 
'fhc ciiolosts iif the epilepsy was classified as symptomatic if there 
was any elimeal or pathological evidence Ibr central nervous system 
disease, c.tf. bruin tumors, head trauma, encephalitis, leptomeningi- 
tis and hydrocephalus. )n IK of 22 ease* classified as symptomatic, 
dofrs had mi were suspected to have brain tumors. Idiopathic cpi 
lepsy was assumed in the absence of any clinical or pathological in- 
dtcation of symptomatic etiology. 

Ktstltintloa of awiepJIvntie drugs 
Detail* of anticpilephc therapy in dnjss with grand ma! cpilcps) are 
shown in Table ! . Most* do#* were treated ambulatory 
A lota! of -tit dug* was used for evaluation of the anticpilcptic elft- 
cacy cjI primidone. AH dogs were treated for at least n months At 
die timet of irraimeni. the daily dow of primidone was gradually in- 
crease*) t<» about *0 m$k$ of h<*d\ weight, divided into 2 or < oral 



ouhcs. Primidone was tpveu as commerciaUy available tablets or as 
commercially available liquid formulation, the latter allowing a bel- 
ter adaptation of dose to body weight in small breeds. The dosage 
was fun Iter increased if the seizures were not controlled. If the sei- 
zures were controlled by the initial time, it was sometimes cauiuwv 
ly reduced. The atcnigc duration of treatment with primidone in the 
dogs used for the prospective drug trial was 24 months (range: ft -Ml 
months), Hlood samples were taken at various intervals for deter- 
mination of plasma concent rat ions of primidone and its metabolite* 
phenoharbiial and phenylethylmalonamitJe (I'liMAl. This was dune 
b\ jja* chromaU^raphs as described previously |4J. Mood samples 
were u sua IK collected ^ h alter the mum inn dose had been yoen 
Previous studies had shown lather large variations in the pUoma 
concent rat tons of primidone and I'JiMA during continued I real men I 
with primidone in dogs, because both compound* have a ser> short 
half-lite |>> f»J. in contrast, concentrations of phenobarbital accumu- 
lated in plasma reaching a plateau alter <>~K days of primidone 
treatment. In fact, (mm these studies phenobarbiud was estimated Ui 
be responsible Ibr about X>%of the anttcpileplic clTccl of continued 
medication wall primidone, Ihetcloie. in the present study only 
phenobarbitai plasma concentrations were used for the mnmuunuj 
of primidone treatment. 

In ii number of d««> in winch primidone was ineffective, other anti- 
cpilcptic dru^s tphcnytoin, earhama/epmc or valproic acid* were ad- 
ded to the treatment During medication, plasma level* of lhc*c 
drug* were monitored by ita* chromatography |4J. DcunU of treat- 
ment with phcnyioin. earhanui/cpmc and valproic acid arc shown in 
Table I. Phenyiom and earhama/epme were given m commercially 
available tablets and valproic acid Has administered in the form ol 
enteric coaled tablets falso from commercial source), 
ftcftiric* primidone, a second prospective trial is under way with 
phenobarbital tip to now, I? do^s have been treated with pheno- 
barbital fin at least n months {ace Table 1) IMienobarbital wah given 
as commercial tablet*, and plasma concent nit ions of the drug were 
determined by chrmitatogmph) |4}. 

2.3. Priaraweukinetic simile* In mm-cpilcptic dug* 
Thr pharmacokinetics of various antieptleptic drugs have been de- 
termined m healthy do^s. mostly Mongrel* (we 1 able \l IXrUtils of 
the respective experiments have Inrcn puhh&hed previously |S, 7-10, 

VK IX. 
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Fig. 1 : Distribution of age of onset of grand mai epilepsy in 126 dogs. □ Idiopathic epilepsy; @ symptomatic epilepsy. 



3. Results 

3.1. Epidemiology of epilepsy in dogs 

A detailed epidemiological study is in progress and will be 
reported later. Only general observations are reported here. 
The epidemiological evaluation of 126 epileptic dogs show- 
ed a preponderance of male vs. female animals (Table 2). 
When the breeds of the epileptic dogs were compared to the 
distribution of breeds in the hospital population, breed- 
related differences in the prevalence of epilepsy were found 
(Table 2). The highest prevalence was seen in Cocker spa- 
niels, Miniature schnauzers, Collies and Bassets. Epilepsy 
occurring in these breeds was, with one exception, classi- 
fied as idiopathic. The total prevalence of dogs with epilepsy 
was 0 55%. However, the hospital population may not ac- 
curately reflect the population of dogs at large. 
The age of onset of epilepsy was 4 years or lower in 62% of 
the animals. When the etiology of the epilepsy was consid- 



ered, the age of onset was markedly higher in the group 
with symptomatic epilepsy (Fig. 1). Idiopathic epilepsy was 
found in the majority of dogs (Table 2, Fig, I ). 

3.2. Pharmacokinetics of antiepileptic drugs in dogs 

We have previously determined the pharmacokinetics or 
common antiepileptic drugs in non-epileptic dogs. In Table 
3, the respective pharmacokinetic parameters are summa- 
rized and compared with the values known from man. The 
apparent volume of distribution and the plasma protein 
binding of most antiepileptic drugs are similar in dogs and 
man. Furthermore, the half-life of elimination in dogs is 
comparable to that in man for phenobarbital, primidone, 
ethosuximide and trimethadione. In fact, previous studies 
with the latter four drugs in (healthy) dogs have shown thai 
it is possible to maintain effective plasma concentrations by 
continued oral treatment [5, 7, 8]. However, it should be 



of analeptic drugs in dog and man. Dog studies were performed in non-cpileptic animals, mostly 



Antiepileptic drugs and main 
active metabolites 



Phenobarbital 
Primidone 

Phenobarbital 
Phenytoin 
Carbamazepine 
Carbamazepine-epoxide 
Valproic acid 

2 -en- valproate 
Ethosuximide 
Trimethadione 

Dimethadione 
Diazepam 

Desmethyldiazepam 
Clonazepam 
Nitrazepam 



Half-life 
(h) 



Dog 



50-89(25-38)*) 
10-12(4-6)*) 
as above 

1.5- 6 
1.1-1.9 

1.6- 3.1 
0.8-2.7 

1.8 
11-26 
8 

50-80 
1-5 
1-5 
1-3 

1.7 



♦> Data in brackets were determined in Beagle dogs. 



84 



Man 



70-100 
6-12 
as above 

15- 20 
25-50 

8-15 
8-15 
12.5 
30-70 

16- 20 
240 

24-72 

50-120 

24-36 

17- 31 



Volume of distribution 
(I/kg) 



Dog 



0.6-0.7 

as above 
1.0 



0.2-0.4 

0.25 
0.4-0.7 



II 

2.4 



Man 



0.5-1 

0.6 
as above 
0.5-0.7 

0.8 

0.15-0.4 
0.7 

1-2 

1.5-4.4 
1.5-2.7 



Plasma protein binding 
(%) 



Dog 



46 
19-23 
as above 

77 

70 

40 
60-80 

97 

1-9 
7-9 
6-28 

95 

96 

82 



Mun 



50 
19-24 
as above 
90-93 
73-75 

46 
85-95 
99.5 
6-12 
9-12 
6-22 

97 
. 97 

80 
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noted that in Beagle dogs the half-lives of at least phenobar- 
bital and primidone are much shorter than in other dogs 
(Table 3). 

The half-lives of phenytoin, carbamazepine, valproic acid, 
diazepam, clonazepam and nitrazepam are markedly shorter 
in dogs than in man. This indicates that the latter drugs are 
not ideally suited for chronic antiepileptic drug trials in epi- 
leptic dogs. In fact, recent studies with phenytoin, curb- 
amazepine and valproic acid in healthy dogs have demon- 
strated that even with high daily doses effective plasma con- 
izations cannot be maintained [9-1 1]. This is especially true 
for phenytoin and carbamazepine which during continued 
treatment in dogs display a strong reduction in half-life, due 
to induction of microsomal liver enzymes (9, 10]. As regards 
the bioavailability of antiepileptic drugs alter oral adminis- 
tration, our previous studies showed that for most drugs 
evaluated comparable figures are obtained in dog and man 
(8,10,21,22]. 



3*3. Prospective trial with antiepileptic drugs in dogs with 
epilepsy 

Primidone was chosen as a first drug for a prospective trial 
in 46 epileptic dogs. The efficacy of drug therapy was eval- 
uated in 3 categories (Table 4). As shown in Table 5, primi- 
done was an effective antiepileptic agent in 18 out of 46 ani- 

Table 4: Criteria for the efficacy of aniicpilcptic drug ihcrapy in epileptic 
dogs. All dogs used lor drug evaluation were treated lor at least ft months. 



< Jump I 



C J roup II 



Urnup HI 



Complete control of generalized tonic clonic seizures Tor 
longer thun Tour limes die longest seizure interval in the 

previous course of epilepsy. 

Reduction of generalized tome clonic seizure frequency by 
75*Hi oi more. The actual seizure frequency whs compared 
during the first ami the lust si* month* of drug treatment. 
Siime animals had additional types of epileptic seizures. 

No change in generalized ionic clonic seizure frequency or 
a reduction ofta* than 75%. 



40 1 



30 



20 - 



10 




Seizures per month 
3 




i i i i i i i i 



i i i i i 



* h U ' H 0 10 11 12 | 1 i 3 4 h ft ) H H m M <J V 4 I ft t & /IIOHth 

1979 1980 19B1 ywors 

1% 2: Response to treatment with primidone of a dog with generalized tonic clonic seizures, f requency ol seizure* is indicated hy the number of seizures per 

monih. According to i he efficacy of drug therapy this dog was unsigned to gamp I (sec Table 4). • — — • diwe of primidone InwkgK A a 

phcnobarhiia! plasma concenimtion (/jg'ml). 




Saizurei p<Jr month 




FJ«. 3: Response to ireatmcnt with primidone of a dog with generalized mnu .chum: seizures. Iicqucuev oi wztues is indicated h> the number or seizures per 
month. The arrow indicates the onset of therapy in the hospital, controlled by momiormg of phciiokwbilal plasma concent iwi.iiis. According lo the efficacy of 
drug therapy this dug was assigned to group If (see fahJe A). - l>atfy d.v*c of primidone fmg Kgi; A - ■ a plieuoharhital plasma concenlration 
^g/ml). 
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Table 5: Results of primidone treatment in 46 epileptic dogs. For explanation 
of drug efficacy groups see Table 4. 



Group 



I 

11 
III 



No. of 
dogs 



12 a ) 
6 

28 



Mean and range of 
daily dose of 
primidone 
(mg/kg) 



32 (14- 45) 
49 (24- 71) 
47 (24-104) 



Mean and range of 
plasma phenobarbital 
concentrations 
(/ig/ml) 



23 (5-39)W 
30 (20-49) b > 
32(15-58)0 



a ) Average duration of seizure control was 23 months (range: 9-49 months). 

b ) Lowest effective steady state plasma concentration. 

c ) Highest steady state plasma concentration. 



mals. Twelve of these dogs became completely free from 
generalized tonic clonic seizures, but 2 dogs continued to 
have additional types of epileptic seizures. The effective 
plasma concentrations of phenobarbital ranged from 5-39 
/zg/ml with a mean of 23 /ig/ml (for example see Fig, 2). In 6 
dogs grand mal seizure frequency was reduced by at least 
75% (for example see Fig. 3). Two of these dogs continued to 
have additional types of epileptic seizures. 
According to the strict criteria used, primidone was not con- 
sidered to be efFective in 28 dogs. In some dogs of this group 
the efficacy of treatment might have been improved by a 
further increase in dosage. However, in 8 dogs of group III 
(with phenobarbital plasma concentrations of 23-58 jig/m\) 
a further increase of the daily dose was precluded by the 
development of side effects, which included sedation, weak- 
ness of the hind limbs, polydipsia, polyuria, and polypha- 
gia. These side effects also appeared in most dogs of groups I 
and II shortly after the onset of treatment but usually disap- 
peared in the course of chronic medication. In some dogs 
treated at high doses for longer periods, the values for glut- 
amic pyruvic transaminase, glutamate dehydrogenase and 
alkaline phosphatase increased markedly. 
Addition of either carbamazepine (9-24 mg kg- 1 d _, )> pheny- 
toin (23-57 mg kg- 1 <H or valproic acid (150-186 mg kg- 1 
d- 1 ) to primidone medication in dogs of group III resulted in 
no clear reduction of seizure frequency or severity. As could 
be expected from the pharmacokinetic studies in healthy 
dogs (see 3.2.), even with the high doses of these drugs used 
it proved impossible to maintain effective plasma concentra- 
tions during chronic treatment. 

An initial evaluation of 17 dogs on monotherapy with 
phenobarbital (2.5-13 mg/kg/d) for 7-25 months indicates 
that phenobarbital is just as effective as primidone. In fact, 
complete control of seizures was obtained in 5 dogs, and I 
dog showed a reduction of seizure fequenzy by more than 
75%. The effective plasma concentrations of phenobarbital 
ranged from 1 1-27 /ig/ml. Side effects were similar to treat- 
ment with primidone, however, there were no comparable 
effects on liver enzymes. 

4. Discussion 

Previous reports of different Schools of Veterinary Medicine 
have indicated that epilepsy is a major disease of the central 
nervous system in dogs [2, 3, 12, 13]. In these studies, clini- 
cal and electroencephalographic observations suggested that 
epilepsy in dogs closely approximates the disease in man 
Accordingly, the usefulness of epileptic dogs as an animai 
model of human epilepsy has repeatedly been emphasized 
[12, 13] yet there has been no systematic comparative eval- 
uation of the efficacy of antiepileptic drugs in this model 
The present data indicate that the epileptic dog is indeed a 
suitable model of human epilepsy. As in man, idiopathic 
epilepsy appears to be more common than symptomatic epi- 
lepsy. Previous studies have strongly suggested that idiopath- 
hreS ni n may be h «yKtary, at least in certain 
breeds [12, 13]. The present epidemiological data on breed 
distribution of grand mal seizures support this suggestion 
Furthermore, the data demonstrate age and sex-related dif- 
ferences in epilepsy of dogs. The prevalence of epilepsy in 
dogs seems to be similar to that in man. 
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Generalized seizures of grand mal type arc by far the most 
common type of seizures in dogs, but there arc also other 
types of epileptic seizures common in dogs which is an addi- 
tional advantage of this animal model. This aspect has to bt 
studied further both clinically and by electroencephalogra- 
phic observation. The present communication deals primar- 
ily with generalized tonic clonic seizures. These seizures oc- 
cur spontanously and are not dependent on sensory stimula- 
tion like seizures in other genetic animal models of epilepsy, 
such as the photosensitive baboon Papio papio. audiogenic 
seizure susceptible mice, and gerbils with reflex epilepsy. 
A comparison of the pharmacokinetics of common antiepi- 
leptic drugs suggests similar characteristics in man and dogs 
for primidone, phenobarbital, ethosuximide and trimetha- 
dione. This is important as the epileptic dog is a model for 
chronic epilepsy in contrast to other acute seizure model*, 
and thus pharmacokinetics of antiepileptic drugs should al- 
low maintenance therapy. Consequently, the short half-live* 
of a number of other antiepileptic drugs in dogs limit the 
usefulness of the epileptic dog as a model for antiepileptic 
drug evaluation. In fact, the preliminary data on chronic 
treatment with valproic acid, phenytoin and carbamazepine 
indicate that these major antiepileptic drugs arc not effective 
in the dog model. 

The prospective trial of primidone in the epileptic dog mod- 
el demonstrates that primidone is an effective antiepileptic 
agent in 39% of the animals. This corresponds well with Ihsr 
efficacy reported for primidone treatment in human epilepsy 
with generalized tonic clonic seizures [14). Furthermore, ihc 
mean and range of the effective plasma concentrations of 
phenobarbital is in good agreement with the values reported 
in trials of epileptic patients [14]. Preliminary evaluation of 
a group of epileptic dogs treated with phenobarbital suggest* 
that this drug has the same efficacy as primidone. It is of in- 
terest to note that 61% of the dogs did not show a significant 
reduction of seizure frequency 75%) during primidone 
treatment. This figure seems to be similar for phenobarbital- 
Thus, the epileptic dog model may be suitable for the inves> 
tigation of drug resistance in epilepsy which is a major diffi- 
culty in the management of the disease in man [15]. 
Unfortunately, there arc some drawbacks of the epileptic 
dog model. These are 

1. the differences in pharmacokinetics of some major anti- 
epileptic drugs between dog and man, and 

2. the logistical difficulties of obtaining an adequately high 
number of animals. 

Nevertheless, the epileptic dog model offers a number or in- 
teresting epidemiological, pharmacokinetic and drug efficacy 
characteristics, and may provide special advantages for the 
study of seizure development, age-related drug edicts and 
chronic drug treatment. 
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Abstract 

The anticonvulsant activity of the novel drug D-23129 (A^2-amino-4-(4-fluorobenzylamino)phenyI)carbarnic acid ethyl 
ester) was evaluated in animal models of epileptic seizures. D-23129 was active after oral and intraperitoneal administration 
in rats and mice in a range of anticonvulsant tests at nontoxic doses. The compound was active against electrically induced 
seizures (MES, ED 50 rat p.o. « 2.87 mg/kg), against seizures induced chemically by pentylenetetrazole (s.c. PTZ, ED 50 
mouse p.o.* 13.5 mg/kg), picrotoxin and 7V-methyl-D-aspartate (NMD A) and in a genetic animal model, the DBA/2 
mouse. It was not active against seizures induced by bicuculline and strychnine. Motor impairment, evaluated with the 
rotarod test and by observation in the open field, was minimal at doses showing anticonvulsant activity. D-23129 was very 
effective in elevating the threshold for electrically and chemically induced seizures. Considering the dose increasing the 
MES threshold by 50% (TID 50 mouse i.p. - 1 .6 mg/kg; TID 50 rat i.p. = 0.72 mg/kg) and the TD 50 obtained in the rotarod 
test, the protective index of D-23129 is better than that of valproate and phenytoin. During 14 days chronic oral treatment 
with 15 mg/kg, no development of tolerance was observed. D-23129 thus presents an orally active, safe, broad spectrum 
anticonvulsant agent, which is structurally unrelated to anticonvulsants currently used. We expect that D-23129 will improve 
the treatment of refractory seizures in humans. 

Keywords: Complex partial seizure; Carbamazepine; Phenytoin; Phenobarbitai; Valproate; Electroshock; Pentylenetetrazole; Seizure 
threshold 



1. Introduction 

The worldwide prevalence of epilepsy is esti- 
mated at between 0.3 and 0.6% [19,21]. About 20- 

* Corresponding author. 



30% of patients suffer from intractable epilepsy or 
severe side effects despite the early treatment and an 
optimum daily dosage of an adequate antiepileptic 
drug [2,8,20]. 

A possible approach to develop drugs which are 
different from existing anticonvulsants, i.e. which 
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might prove to be more effective in patients with 
drug-resistant epilepsy, is to seek chemical entities 
with broad spectrum anticonvulsant properties in 
many animal models of epilepsy, which are not 
related to drugs currently marketed. 

Flupirtine is marketed as a centrally acting anal- 
gesic. In a serendipitous approach to anticonvulsant 
therapy the drug was submitted to the Antiepileptic 
Drug Development (ADD) program at NIH. Flupir- 
tine was found to have potent anticonvulsant effects 
in many animal models of epilepsy and also in a 
pilot study in humans [22]. Molecular modelling 
studies of flupirtine and its analogues allowed us to 
define a pharmacophore for central analgesic activity 
composed of a phenyl ring and a basic nitrogen atom 
at a specified distance from this ring [23]. This 
pharmacophore enabled us to separate the analgesic 
from the anticonvulsant activity for this class of 
compounds. Thus, it was found that the absence of 
the basic nitrogen atom (in our case the pyridine 
nitrogen) enhances the antiepileptic activity while at 
the same time the analgesic activity is reduced. 
Furthermore, quantum mechanical calculations 
yielded very similar electron charge distributions in 
flupirtine and desazaflupirtine derivatives. Based on 
these observations a synthesis program was initiated 
which resulted in the development of a number of 
desazaflupirtine derivatives as a new class of anti- 
convulsants. The most potent was D-20443, the di- 
hydrochloride of D-23129. These results were later 
confirmed by quantitative structure-activity relation- 
ship (QSAR) studies. Clinical trials with flupirtine 
were subsequently discontinued due to the develop- 
ment of these more potent analogues. 

In the present study, the anticonvulsant activity of 
D-23129 (Fig. 1) was evaluated in a variety of 
electrical and chemical seizure models and in a 
genetic model of epilepsy, the DBA/2 mouse. Fur- 




Fig. 1. Chemical structure of D-23129, Af-(2-amino-4-(4~nuoro- 
benzylamino)phenyl)carbamic acid ethyl ester. Molecular weight: 
303.3 g/mol. Molecular formula: C l6 H (8 FN 3 0 2 . 



thermore, to check for development of tolerance 
during chronic treatment, a common problem of 
many drugs with anticonvulsant properties, D-23129 
was also evaluated during 14 days chronic treatment 
in a sensitive and graded seizure model, the maximal 
electroshock seizure threshold test. Some of the data 
have been published in abstract form [17,30,31]. 



2. Materials and methods 

2.1. Animals 

Male mice (Crl: NMRI BR) were obtained at the 
age of 4 weeks (body weight 19-27 g) from Harlan 
Winkelmann (Borchen) for the acute threshold mod- 
els and from Charles River (Sulzfeld) for all other 
experiments. They were allowed to adapt to the 
laboratory environment for one week before the ex- 
periments were started. All experiments with drug 
injections were then carried out within the next week 
to minimize the effect of increasing age on drug 
susceptibility. Each mouse was used for only one 
experiment. 

Female Wistar rats (Harlan Winkelmann, Borchen, 
age of 1 1-12 weeks, body weight 180-200 g) were 
used for the MES threshold determination. All other 
experiments were performed with male Wistar rats 
which were obtained from Charles River (Sulzfeld) 
at a body weight of 120-150 g. They were used after 
at least one week of adaptation to the laboratory. 
Each rat was used for only one experiment. 

Mice and rats were kept in groups of five in 
plastic cages at controlled temperature (25°C) and 
humidity (about 50-60%) with a 12-h light cycle 
beginning at 6 a.m. They received standard labora- 
tory rodent chow and tap water ad libitum. 

2.2. Methods 

Experiments were performed in three different 
laboratories within the NIH Antiepileptic Drug De- 
velopment Program (ADD) in the Anticonvulsant 
Screening Project: the Department of Pharmacology 
and Toxicology of the University of Utah in Salt 
Lake City, the Department of Pharmacology, Toxi- 
cology and Pharmacy of the School of Veterinary 
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Medicine in Hannover (Germany) and the Pharmaco- 
logical Department of Arzneimittelwerk Dresden 
GmbH (AWD) in Radebeul (Germany). Experimen- 
tal procedures in the MES and PTZ seizure tests 
were matched between NIH and AWD; all seizure 
threshold models were performed in Hannover. 

2.2.1. Maximal electroshock seizure (MES) test, mice 
and rats 

Mice and rats were stimulated with corneal elec- 
trodes, using a suprathreshold fixed current sinus 
wave stimulus (50 Hz, 50 mA, 0.2 s for mice and 50 
Hz, 150 mA, 0.2 s for rats) using a stimulator with 
adjustable current strength which delivered a con- 
stant current adjustable from 1 to 300 mA regardless 
of the impedance of the test object. The maximal 
tonic extension of the hindlimbs was used as end- 
point. In control groups (with vehicle injection) all 
animals exhibited tonic extension of hindlimbs. An 
approximation of the time of peak effect was achieved 
by administering D-23 1 29 to groups of mice and rats 
at different pretreatment times and determining the 
percentage of animals protected. The time at which 
the highest protection was achieved was used for all 
seizure tests except the MES threshold and i.v. PTZ 
threshold tests. The determination of median effec- 
tive dose (ED 50 ) in the MES test was conducted at 
this time with at least three groups of 8-10 mice and 
rats, respectively. Data obtained previously [33] with 
phenytoin, carbamazepine and valproate using the 
same procedure as data obtained with phenobarbital 
were included in the evaluation for comparison of 
anticonvulsant activity. The ED 50 and 95% confi- 
dence intervals were calculated by probit analysis 
[7]. 

2.2.2. Maximal electroshock seizure threshold test, 
mice and rats 

The threshold for seizures induced by maximal 
electroshock in mice and rats was determined via 
corneal electrodes by means of a constant-current 
stimulator with a sinus wave stimulus (50 Hz, 0.2 s). 
The stimulus intensity was varied by an up-and-down 
method in which the current was lowered or raised in 
0.06 log intervals if the preceding animal did or did 
not show hindlimb extension, respectively. The data 
thus generated in groups of 20 mice or 15 rats for 
each dose tested were used to calculate the threshold 



current for inducing hindlimb extension in 50% of 
the mice (CC 50 ), with confidence limits for 95% 
probability, using the method of Kimball et al. [6]. In 
acute experiments, each group of animals was used 
for only one threshold determination. Control groups, 
which received the vehicle used for drug administra- 
tion, were tested together with the drug-treated ani- 
mals, using the same pretreatment time at which the 
drug was tested. In case of significant drug effect 
(tested by Student's Mest), the dose increasing the 
MES threshold by 50% (TID 50 ) was determined by 
log-linear regression analysis from the dose-re- 
sponse curves, using at least three doses. For more 
details on MES seizure models, see Loscher et al. 
[11]. 

To determine the effect of subchronic treatment 
on anticonvulsant effect, 2 groups of 20 mice were 
treated as follows: Group 1 — D-23129 15 mg/kg 
p.o. for 14 days, followed by a 6-day period of 
vehicle administration. Group 2 — Vehicle p.o. for 20 
days. The anticonvulsant activity was measured 15 
min after administration on day 1, 3, 7, 14, 15, 16 
and 20 using the MES threshold test with corneal 
stimulation. Such a procedure with repeated thresh- 
old determination in one group of animals is a good 
way to minimize interindividual variability in re- 
sponse to drug treatment. The repeated determination 
of the MES threshold via corneal electrodes is well 
tolerated by mice and does not influence the respon- 
siveness of the animals to the drug treatment [18]. To 
abolish acute pain reactions possibly associated with 
repeated corneal stimulation, the local anaesthetic 
lidocaine (2% solution) was applied to the eyes 2-3 
min before the stimulation. The significance of dif- 
ferences in the CC 50 value between control and 
treated mice and between acute (day one) and chronic 
(day 3, 6 and 14) treatment was calculated using 
Student's r-test. 

2.2.3. Chemically induced seizures 

2.2.3.1. The threshold for the pentylenetetrazole 
(PTZ)-induced seizures. Different seizure stages are 
elicited in male mice if PTZ is infused as a 1% 
solution into the tail vein at a rate of 0.3 ml/min 
with an infusion pump. In untreated control mice, the 
following seizure types occurred during PTZ infu- 
sion (in order of appearance): 1 , one or more gener- 
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alized myoclonic twitches of the whole body; 2, 
repeated clonic seizures of fore and/or hind limbs 
without loss of righting reflexes; 3, a generalized 
clonus with repeated clonic seizures of fore- and 
hindlimbs, during which loss of their righting re- 
flexes occurs; 4, clonic seizure with loss of righting 
reflexes followed by forelimb tonic extension; 5, 
tonic hindlimb extension (not always observed, ani- 
mals sometimes die without showing tonic hindlimb 
extension). In the experiments with D-23129, the 
stages 1 , 3 and 4 were used as endpoints. To deter- 
mine the thresholds for the different endpoints, 
groups of 10-12 mice were used for each dose 
tested. The drug was administered intraperitoneally 
at the time of peak effect, 5 min for mice and 10 min 
for rats, determined in preceding experiments 
(Loscher and Honack, unpublished data), before the 
start of infusion of PTZ solution. The thresholds for 
the three endpoints were calculated as the dose 
(mg/kg) of PTZ inducing the seizure stages during 
infusion. All drug-treated groups were compared with 
vehicle- treated groups on each day. The effect of the 
drug treatment was calculated for each endpoint 
separately as percent increase over control of PTZ 
dose needed to elicit the respective seizure stage. 
The significance of differences in PTZ dose between 
control and treated mice was calculated using Stu- 
dent's r-test. In case of significant drug effects, the 
dose increasing the PTZ threshold by 50% (TID 50 ) 
was determined by log-linear regression analysis from 
the dose-response curves, using at least three doses. 

2.2.32. S.c. PTZ seizure test, mice. For the s.c. PTZ 
test, a dose-response curve of PTZ was determined 
using groups of 10 mice. PTZ was injected s.c. in the 
back of the neck of the animals. The animals were 
then observed for 30 min after injection and the first 
generalized clonic seizure with loss of righting re- 
flexes was used as the endpoint. In this way, the 
dose inducing this seizure type in 97% of the mice 
(CD 97 ) was calculated in mice (85 mg/kg) by the 
method of Litchfield and Wilcoxon [7]. After admin- 
istration of these doses, the following seizure stages 
were observed in untreated mice and rats (described 
in the order of appearance): 1 , one ore more general- 
ized myoclonic twitches of the whole body; 2, re- 
peated clonic seizures of fore- and/or hindlimbs for 
more than 3 s without loss of righting reflexes 



(corresponding to the threshold seizure proposed by 
Swinyard [25] for anticonvulsant drug evaluation in 
the s.c. PTZ test); 3, a generalized clonic seizure of 
fore- and hindlimbs, during which animals exhibited 
loss of righting reflexes; 4, loss of righting followed 
by tonic forelimb seizure; 5, loss of righting with 
tonic fore- and hindlimb seizure. In the controls with 
or without vehicle injection, endpoints 1-3 were 
observed in 9- 10 animals per group of 10 animals. 
The number of animals experiencing higher seizure 
scores varied. For drug potency studies, PTZ was 
injected s.c. in groups of 10 animals at the time of 
the maximal anticonvulsant effect and the animals 
were observed for 30 min for the occurrence of 
seizures. Animals not experiencing a 3 s clonic 
episode (stage 2) or higher seizure scores within the 
30 min observation period were considered as pro- 
tected. Vehicle treatment did not affect PTZ-induced 
seizures. ED 50 and 95% confidence intervals were 
calculated by probit analysis [7]. Data obtained pre- 
viously [33] with phenytoin, carbamazepine and val- 
proate using the same procedure were included in the 
evaluation for comparison of anticonvulsant activity. 
For more details on PTZ seizure models, see Loscher 
et al. [12]. 

2.2.3.3. S.c. picrotoxin, s.c. bicuculline and s.c. 
strychnine, mice. As with PTZ, the chemoconvul- 
sants bicuculline, picrotoxin and strychnine were 
administered subcutaneously to mice in a dose elicit- 
ing convulsions in 97% of control mice. The doses 
needed were 2.7, 2.5 and 1.2 mg/kg, respectively. 
With bicuculline and picrotoxin, a suppression of a 3 
s clonic episode (stage 2 as described with PTZ) was 
used as the endpoint. With strychnine, animals not 
experiencing any tonic seizure components were 
counted as being protected. Observation time with all 
convulsants was 30 min. ED 50 and 95% confidence 
intervals were calculated by probit analysis [7]. Data 
obtained previously [33] with phenytoin, carba- 
mazepine and valproate using the same procedures 
were included in the evaluation for comparison of 
anticonvulsant activity. 

2.2.3.4. Lev. NMDA seizure tests, mice. NMDA, if 
applied via the i.c.v. route, elicits typical seizures 
depending on the dose applied [24,27]. At low doses, 
mice experience intense episodes of clonic seizures. 
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If the dose of NMD A is raised approximately 10-fold, 
tonic extension of forelimbs is the predominant 
seizure type elicited in mice. The dose needed to 
elicit the clonic seizures and tonic forelimb extension 
in 97% of mice was determined to be 0.2 pig/5 pA 
and 3 /xg/5 /xl, respectively, using the method 
described previously [24,27]. For anticonvulsant drug 
potency experiments, the anticonvulsant was admin- 
istered in at least three doses via the i.p. route to 
groups of 8-10 mice and at the time of peak effect 
(determined in the MES test), NMDA was adminis- 
tered. The animals were then observed for the occur- 
rence of seizure signs for 30 min. ED 50 and 95% 
confidence intervals were calculated by probit analy- 
sis [7]. 

22.4. Genetic epilepsy model: the audiogenic seizure 
susceptible mouse 

Male DB A/2J audiogenic-seizure-susceptible 
mice (21-22 days of age, 6-10 g body weight, 
maximal susceptibility to sound-induced seizures) 
from the Bomholtgard Breeding and Research Centre 
Ltd., Ry, Denmark were used. The mice were placed 
in a circular plastic cage (19 cm diameter) and were 
exposed to a sound stimulus of 1 10 dB (12 kHz) for 
60 s, while being observed for the occurrence of 
seizures. The severity of seizures was ranked as 
follows [32]: 0 — no response, 1 — wild running for 

< 10 s, 2 — wild running for > 10 s, 3 — clonic 
seizure, 4 — forelimb extension/hindlimb flexion, 5 
— tonic seizure, 6 — respiratory arrest. The test was 
carried out 15 min after i.p. or oral drug administra- 
tion. Significant differences between same day con- 
trol and drug-treated animals were calculated using 
the Mann- Whitney CMest. The ED 50 and 95% con- 
fidence intervals against audiogenic clonic (score 

< 2) seizures were calculated by probit analysis [7]. 

2.2.5. Motor impairment, mice and rats 

Motor impairment, often termed as neurotoxicity, 
was identified in mice and rats by the rotarod proce- 
dure. Inability of an animal to maintain its equilib- 
rium for one min in at least one of three trials on a 
rotating rod (6 rpm, diameter 2.5 cm for mice and 8 
rpm, 6 cm diameter for rats) was used as an indica- 
tion of such impairment. In rats, motor deficit (ataxia, 
abnormal gait and stance, loss of placing response 
and muscle tone) was also visually determined in an 



open field. Untreated mice were able to remain on 
the rotating rod for several minutes, whereas rats had 
to be trained before drug experiments. TD 50 and 
95% confidence intervals were calculated by probit 
analysis [7]. 

2.2.6. Drugs 

Phenytoin, carbamazepine, sodium valproate, phe- 
nobarbital, pentylenetetrazole, bicuculline, picro- 
toxin, strychnine and Af-methyl-D-aspartate (NMDA) 
were obtained from commercial suppliers. D-23129 
and D-20443, the hydrochloride of D-23129, were 
synthesized at ASTA Medica, Frankfurt [3]. Val- 
proate, D-20443 and all chemoconvulsants were dis- 
solved in 0.9% sodium chloride solution; phenytoin 
and carbamazepine were suspended in 0.5% methyl- 
cellulose in water, D-23129 was suspended in 0.5% 
hydroxyethylcellulose in water. The drugs and 
chemoconvulsants were administered in a volume of 
10 ml/kg in mice and 4 ml/kg in rats with the 
exception of PTZ, which was administered s.c. in a 
volume of 2 ml/kg in rats. For the experiments on 
the MES threshold and i.v. PTZ thresholds, D-23129 
was dissolved by means of 100 /xl 1 M HC1 and 
further dissolved with 0.9% NaCl solution to achieve 
the desired concentration. In these experiments, the 
drug was applied at a volume of 10 ml/kg and 3 
ml/kg i.p. in mice and rats, respectively. 



3. Results 

3.1. Electrically induced seizures 

As shown in Table 1, D-23129 was effective in 
the traditional MES test with suprathreshold stimula- 
tion. In preceding experiments, the time of peak 
effect in the MES seizure test was determined to be 
15 min after both i.p. and p.o. administration in mice 
and 10 min after i.p. and 30 min after p.o. adminis- 
tration in rats; the time of peak effect for motor 
impairment was determined to be 5 min after i.p. and 
15 min after p.o. administration in mice and 10 and 
120 min after i.p. and p.o. administration in rats, 
respectively. In the MES test, the drug was effective 
in both mice and rats (ED 50 D-23129 9.3 (6.3-13.1) 
mg/kg i.p. in mice, ED 50 D-20443 (the hydrochlo- 
ride of D-23129) 5.1 (3.8-6.8) mg/kg i.p. in rats). 
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Table 2 

Anticonvulsant activity of D-23129 in comparison to standard anticonvulsants in chemical seizure models in mice 



Substance Chemoconvulsant 

ED 50 (mg/kg) and 95% confidence interval 





s.c. PTZ 


s.c. Pic 


s.c. Bic 


s.c. Strych 


icv NMDA Clonus 


icv NMDA forelimb tonus 


D-23129 


13.5 b 


18.6 c 


>30 c 


>30 c 


9.08 c 


4.00 c 




(9.2-17.9) 


(14.1-26.2) 






(5.19-13.6) 


2.61-5.78 


Phenytoin 


>50 a 


>60 a 


>60 a 


>60 a 


8.59 3 


0.60 a 












(6.64-14.1) 


(0.34-0.95) 


Carbarn azepine 


>50 a 


28.9 a 


>60 a 


>60 a 


14.4 a 


3.01 a 






(23.9-41,6) 






(10.6-20.1) 


(2.60-3.77) 


Valproate 


209 2 


311 a 


437 a 


345 a 


146 a 


82.8 3 




(176-249) 


(203-438) 


(369-563) 


(308-393) 


(121-162) 


(57.5-113) 



The chemoconvulsants were administered at the time of peak effect (determined in the MES seizure model), i.e. for D-23129, 
carbamazepine and valproate 15 min and for phenytoin 120 min after i.p. administration. Bic, bicuculline; Pic, picrotoxin; Strych, 
strychnine; NMDA, TV-methyl- D-aspartate. All chemoconvulsants except NMDA were administered via the subcutaneous route. Data are 
given as ED^ calculated from at least three doses tested and 95% confidence interval using probability regression[7]. 
a Data taken from White et al. for comparison [33]. 

b Experiments were performed at NIH using standard anticonvulsants and D-23129, 

c Experiments were performed at NIH using the hydrochloride salt of D-23129, termed D-20443. 



Table 3 

Effect of D-23 1 29 on the threshold for maximal (tonic hindlimb extension) electroshock seizures and on motor behaviour in mice 
Drug Mice 

Dose Threshold TID^ TD 50 rotarod P.I. TID 50 /TD 50 

(mg/kg i.p.) (CC 50 in mA) (mg/kg i.p.) (mg/kg i.p.) 

D-23129 0 11.8(11.0-12.6) 

1 16.0(14.8-16.9) * 

2.5 18.6(15.0-23.1) * 

5 22.9(20.3-25.8) * 



D-23129 


1.6 


20.5 (18.5-22.9) 


12.8 


Phenobarbital 


4.0 a 


80 (75-86) a 


20.0 a 


Carbamazepine 


1.5 8 


33 (26-40) 3 


22.0 8 


Phenytoin 


5.4 a 


50 (44-57) a 


9.3 1 


Valproate 


69 a 


430 (391-473) a 


6.2 3 


Ethosuximide 


n.e. a 


503 (459-556) a 


n.a. a 


Diazepam 


2.7 a 


4.7 (3.8-5.7) a 


1.7 3 


Clonazepam 


0.65 1 


1.2 (0.87-1.5) a 


1.8 a 



The seizure threshold (stimulation via corneal electrodes) was determined as CC^ (with confidence limits of 95% probability) in groups of 
20 mice. For D-23129, the effect of three different doses on the threshold is shown. Control groups received i.p. vehicle injection. 
Significant differences between controls and drug-treated groups are indicated (*: P < 0.001). The dose which increased the threshold by 
50% (TID 50 ) was calculated from the dose-response curves for D-23129 [10,1 1]. The potency to impair the motor behaviour of D-23129 
was determined using the rotarod procedure after i.p. administration. The TD^ values (with confidence limits for 95% probability) were 
calculated from data determined in at least three groups of animals at the time of peak effect. 

a For comparison, TID 50 values for standard antiepileptic drugs previously determined in the same model in mice are shown (data taken 
from Ldscher and Nolting [10]). N.e., not effective; n.a., not applicable. 
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Comparing the effective doses after p.o. and i.p. 
administration, the ratio is 2.9 in mice and 0.6 in rats 
indicating intestinal absorption in both species. The 
protective index calculated as TD 50 rotarod/ED 50 
MES was calculated to be 2.2 and 2.0 in mice and 
rats after i.p. administration, respectively. The value 
is better than for valproate (1.7, mice i.p.), but does 
not reach the protective index of phenytoin, carba- 
mazepine and phenobarbital (6.6, 4.8 and 3.2, mice 

..p.). 

32. Chemically induced seizures 

D-23129 also exerted pronounced effects against 
chemically induced seizures in mice including 
pentylenetetrazole, the GABA antagonist picrotoxin 
and the glutamate agonist selective for the A^-methyl- 
D-aspartate receptor, NMDA. No activity could be 
observed against bicuculline- and strychnine-induced 
seizures. The effective doses in both the GABA-re- 
lated (pentylenetetrazole and picrotoxin) and gluta- 
mate-related (NMDA) seizure models were within 
the same range as for protection against electrically 
induced seizures in the MES test. A similar spectrum 
of activity was observed only for valproate. (Table 2, 



data of standard anticonvulsants taken from White et 
al. [33] for comparison). 

3.3. Threshold models 

To determine the minimal dose of D-23129 capa- 
ble of exerting anticonvulsant activity, threshold 
variations of the MES and the PTZ seizure test were 
utilized. To assure a good absorption and good activ- 
ity, the tests were performed at the time of peak 
effect after i.p. administration of a solution of D- 
23129, which proved to be 5 min in mice and 10 min 
in rats. D-23129 was highly capable of elevating the 
threshold for tonic hindlimb extension in mice and 
rats leading to a significant increase already after 
administration of 1 and 0.5 mg/kg, respectively. 
The dose capable of elevating the threshold by 50% 
(TID 50 ) was calculated by log-linear regression from 
the dose-response curve as 1.6 mg/kg in mice and 

0. 72 mg/kg in rats. The protective index calculated 
from the TID 50 and the TD 50 was 12.8 in mice and 
13.8 in rats (see Table 3). 

D-23129 was also capable of increasing the 
thresholds for the different seizure types elicited by 

1. v. administration of PTZ (Table 4). While fairly 
high doses were needed (TID 50 18.2 mg/kg) to 



Table 4 

Effect of D-23129 on the threshold for different seizure types induced by i.v. infusion of pentylenetetrazole (PTZ) in mice 
PTZ threshold (mg/kg) 



Dose (mg/kg) Myoclonus Clonus Forelimb tonus 



Control 1 


33.3 ± 5.9 


38.3 ± 7 


72.6 ± 30.7 


5 


32.9 ± 4.6 


55.7 ± 18.5 * * 


78.9 ± 9.1 


10 


36.6 ± 6.5 


102 ± 19.1 ' * ' 


154 ±60.2 * * * 


Control 2 


34.4 ± 4.6 


40.9 ± 7.5 


86.6 ± 11.7 


7.5 


38.3 ± 4.9 * 


72.6 ± 20.9 * ' ' 


> 133 ±49.7 * * 


Control 3 


33.2 ± 4.0 


39.3 ± 4.8 


75.1 ± 9.0 


20 


46.4 ± 13.8 * * * 


94.1 ±33.4 * ' ' 


> 163 ±69.8 * ' ' 


30 


63.2 ± 28.5 " ' ' 


140 ±21.4 * ' ' 


> 212 ±12 ' 


TID^ 


18.2 


5.0 


7.0 



The seizure threshold was calculated as the dose of PTZ ( ± S.D.) inducing the respective seizure types in all animals of a group of 10 mice. 
The effect of five different doses of D-23129 after 5 min after i.p. administration on the threshold is shown. Since the experiments were 
performed on three days, three control groups (n= 10) receiving vehicle were needed to compare the data generated with same-day 
controls. Significant differences between controls and drug-treated groups are indicated (*: P < 0.05; * *: P < 0.01; * * *: P < 0.001, 
Student's /-test). The doses which increased the different thresholds by 50% (TID 50 ) were calculated from the log-linear dose- response 
curve [10, 12]. 
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increase the threshold for the first myoclonic twitch, 
the drug was much more effective in increasing the 
threshold for induction of the first generalized clonus 
and the forelimb tonus yielding to TID 50 values of 
5.0 and 7.0 mg/kg, respectively. 

3.4. Genetic epilepsy model 

In a genetic epilepsy model, the DBA/2 mouse, 
D-23129 was capable of significantly suppressing 
the sound-induced seizures at doses as low as 2 
mg/kg i.p. and p.o. (U-test). The ED 50 for suppres- 
sion of clonic seizures was determined to be 2.3 
(1.8-3.0) and 4.6 (3.0-7.2) mg/kg 15 min after i.p. 
(Fig. 2) and oral (data not shown) administration, 
respectively. 

3.5. Subchronic anticonvulsant activity 

To determine if tolerance against the anticonvul- 
sant effect occurs, the MES threshold test was uti- 
lized as a sensitive and graded measure of anticon- 
vulsant and, after withdrawal of the drug, possible 
pro-convulsant withdrawal associated effects of D- 
23129. After oral administration of 15 mg/kg for 14 
days, the effect observed on- day one was preserved 




12 3 4 
D-23129 (mg/kg) i.p. 

Fig. 2. Anticonvulsant activity of D-23129 against sound-induced 
seizures in male DBA/2J mice. The mice were placed in a 
circular plastic cage and were exposed to a sound stimulus of 1 10 
dB (12 kHz) for 60 s, while being observed for the occurrence of 
seizures. The test was carried out 15 min after i.p. drug adminis- 
tration. * *: P <0.01; * * *: P < 0.001. Mann-Whitney (/-test. 
Open bars: vehicle control experiments; dashed bars: drug treat- 
ment. 
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Fig. 3. Anticonvulsant activity of D-23129 in the MES threshold 
test during chronic daily treatment of 15 mg/kg p.o. in mice. The 
threshold to elicit tonic extension of the hind limb in 50% of the 
animals (CC 50 ) was repeatedly determined in two groups of 20 
mice on day I, 3, 7, and 14, one hour after p.o. administration of 
15 mg/kg D-23129 (filled circles) or vehicle (open circles) in the 
morning. On day 15, 16 and 20, i.e. 24 h, 2 days and 6 days after 
termination of treatment, the threshold was determined in both 
groups 1 h after administration of vehicle. *: P < 0.05; **: 
P < 0.01; significant difference to respective control values, Stu- 
dent's Mest. 



over the whole treatment time (Fig. 3). Furthermore, 
no rebound hyperexcitability was found. Instead, a 
small residual effect was present 24 hours after the 
last drug administration and was no longer present 
the next day. 

3.6. Motor impairment 

Mice were observed in the open field after i.p. 
administration of 10, 20, 30 and 40 mg/kg i.p. 
before rotarod testing. While no behavioural changes 
were observed after 10 mg/kg, mice showed flat 
body posture and some muscle relaxation as being 
observed by abdominal palpation after 20 mg/kg. 
Some animals were sensitive to noise and handling, 
exhibiting light twitches which occurred sometimes 
also spontaneously. After 30 mg/kg, some animals 
and after 40 mg/kg nearly all animals lost righting 
reflexes within 5-10 min for 2-3 min; 30 min after 
administration, side effects could no longer be ob- 
served. The TD 50 on the rotarod was determined 5 
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min after i.p. administration to be 20.5 mg/kg (see 
Table l). Rats were observed in the open field after 
administration of 5, 7.5, and 10 mg/kg i.p.. After 5 
mg/kg, slight muscle relaxation, straub tail and 
some hypersensitivity as described for mice was 
present in some animals. After 7.5 mg/kg, flat body 
posture, muscle relaxation and straub tail and hyper- 
excitability was present in all rats. After 10 mg/kg 
the hyperexcitability was more pronounced. Rats 
showed an increased muscle tone in the limbs com- 
bined with a flat body posture. Upon handling, vo- 
calization occurred in some animals. 45 min after 
administration, no side effects could be observed. 
The TD 50 on the rotarod was determined 10 min 
after i.p. administration to be 9.96 mg/kg (see Table 
1). 



4. Discussion 

D-23129 is a derivative of flupirtine which shows 
activity against both electrically and chemically in- 
duced seizures and which has exhibited some clinical 
efficacy in the treatment of drug-resistant patients 
with epilepsy (see Seaman at al. for review [22]). 
The clinical evaluation of flupirtine as an anticonvul- 
sant was terminated due to the development of more 
potent analogues emerging from a synthesis line 
based on molecular modelling and quantitative struc- 
ture-activity relationships [23]. These studies lead to 
the selection of D-23129 and its hydrochloride, D- 
20443, for further development. The activity in ani- 
mal models of epileptic seizures of D-20443 proved 
to be substantially better than with flupirtine; taking 
the effective doses for the MES test in rats (ED 50 for 
flupirtine in rats after oral administration: 47.3 
mg/kg [22]), the ratio was bigger than 10. 

First results regarding the anticonvulsant activity 
of D-20443 were published in 1993 by Nickel and 
co-workers in abstract form [13,14] indicating not 
only effectivity in the MES and s.c. PTZ test, but 
also against amygdala- and cornea-kindled seizures 
and penicillin-induced epileptic activity. The deci- 
sion was made to develop the free base D-23129 
instead of the dihydrochloride D-20443 because of 
technological reasons and a superior impurity profile. 
In our laboratory, D-23129 proved to be equipotent 
to D-20443 in the MES and s.c. PTZ models used 



[17,30,31]- Observing mice and rats in the open field, 
D-23129 exerted some muscle relaxation already in 
the same dose range of anticonvulsant activity in the 
MES and PTZ seizure test. Muscle relaxation is also 
described for flupirtine [4] indicating that this effect 
might be a property of the chemical group. To rule 
out that the anticonvulsant effects of D-23129 are 
secondary to muscle relaxation, variations of the 
MES and PTZ test were utilized which are based on 
determination of threshold effects. Such a threshold 
approach was originally proposed by Swinyard and 
colleagues for anticonvulsant drug evaluation [26]. 
They calculated the dose capable of elevating the 
threshold 20% above control (threshold-increasing 
dose 20%, TID 20 ). Using this measure or the TID 50 , 
the plasma concentrations of standard anticonvul- 
sants (resulting from the lower doses needed) more 
closely resemble the plasma concentrations reached 
in humans during treatment [11,12,9]. In both the 
MES threshold and the i.v. PTZ threshold test, a 
very good activity could be demonstrated for D- 
23129 resulting in a clear cut separation of 'neuro- 
toxic' motor impairment and anticonvulsant activity. 
The protective index (P.I.) calculated from the TID 50 
in the MES and the TD 50 in the rotarod test is 12.8 
for mice and 13.8 for rats, respectively. The value in 
mice is in the same range as the ratio for phenytoin, 
inferior to that of phenobarbital and carbamazepine, 
and is even better than the values for valproate, 
diazepam or clonazepam (Table 3). 

Besides being highly active against electrically 
induced seizures, D-23129 also possesses activity 
against chemically induced seizures. Using the first 
generalized clonus as endpoint for the i.v. PTZ 
threshold test, the protective index calculated from 
the TD 50 in the rotarod and the TID 50 for first 
generalized clonus in the i.v. PTZ test for D-23129 is 
4.1, also indicating a good separation in this respect. 
While D-23129 is also effective against picrotoxin- 
induced seizures in mice, it fails to show activity 
against bicuculline-induced convulsions. The reason 
for the different effect against direct GABA receptor 
antagonistic (bicuculline) versus GABA modulatory 
(PTZ, picrotoxin) convulsants remains unclear. Since 
D-23129 does not bind to the GABA A receptor 
(receptor affinity studies performed at Nova Screen, 
Kronbach, personal communication), it might be 
possible, that the drug, while positively modulating 
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the GABAergic system, needs direct GABAergic 
activity to do so. D-23129 did not only show activity 
against chemoconvulsants interfering with the in- 
hibitory system, but also against convulsions induced 
with the glutamatergic agonist NMDA, again indicat- 
ing a broad activity. 

In our experiments, D-23129 has proven to be 
very active (ED 50 2.3 mg/kg i.p.) in a genetic model 
of epilepsy, the DBA/2 mouse [31]. Dailey et al. [1] 
obtained in two other genetic epilepsy models, the 
GEPR-3 and GEPR-9 rat, similar effective doses. 
The ED 50 was calculated to be 1.56 mg/kg for the 
GEPR-3 and 6.24 mg/kg for the GEPR-9. 

Yonekawa et al. [34] demonstrated that D-23129, 
besides being active in many in vivo models of 
epilepsy, also possesses some unique properties in an 
in vitro model of epileptic seizures, the hippocampal 
slice. In their study hyperexcitability and sponta- 
neous bursting of the slice was induced by the 
potassium channel blocker 4-aminopyridine, D-23129 
was capable of fully suppressing the spontaneous 
bursts in CA1 and CA3 areas. It also eliminated the 
afterdischarge-Iike trains of population spikes in- 
duced by a single electrical stimulation pulse without 
interfering with the normal evoked potential. These 
results demonstrate the unique activity of the drug, 
since none of the tested standards was capable of 
doing so without interfering with the normal evoked 
potential. 

One of the major concerns with new anticonvul- 
sant drugs is the development of tolerance and de- 
pendence. Nickel et al. [13,14] already reported that 
anticonvulsant activity of D-20443 in the MES test 
was preserved if the ED 50 dose obtained in this test 
was administered over 5 or 7 days. We utilized a 
more subtle measure to find small changes in anti- 
convulsant activity. In one group of mice, the MES 
threshold test was repetitively performed during 14 
days oral treatment of 15 mg/kg and for 6 days after 
termination. This method was proposed by Rundfeldt 
et al. [18] as a sensitive measure to evaluate the time 
course of tolerance development. Drugs like di- 
azepam develop tolerance within three days to one 
week in this procedure. For D-23129, no reduction in 
threshold increase was observed. Furthermore, after 
termination of treatment, no withdrawal hyperex- 
citability was present. Instead, 24 hours after termi- 
nation of treatment, a significant increase in thresh- 



old was still present. Such a residual effect could be 
due to a long half life. While preliminary kinetic data 
based on plasma concentration of D-23129 during 
chronic treatment do not indicate any residual drug 
24 h after the last administration, preliminary data 
obtained in brain homogenate indicate that the half 
life is longer and the concentration is higher in brain 
than in plasma (Jainta, personal communication). 
The results indicate that D-23129 has no pronounced 
potential to develop tolerance. However, it should be 
demonstrated that this holds true for longer treatment 
periods. 

D-23129 has a broad spectrum anticonvulsant ac- 
tivity in many animal models of epileptic seizures 
including models possessing some predictability for 
generalized tonic clonic seizures like the MES, the 
DBA/2 mouse and the GEPR-9 rat and absence 
seizures like the s.c. PTZ model and the GEPR-3 rat. 
Furthermore, the drug has proven to be very active in 
the amygdala kindling model of focal epilepsy, which 
is considered to be the most predictive model for 
complex partial seizures [17,28,29]. While the spec- 
trum of D-23129 is as broad as that of valproate, its 
potency is at least one magnitude better. To further 
evaluate the potential of the drug, it is mandatory to 
gain insight into the mode of anticonvulsant action. 
First results in this regard have been published by 
our group in abstract form [16,30]. D-23129 blocks 
voltage-dependent sodium and calcium channels, al- 
beit at high concentrations [30]. Although D-23129 
shows no affinity to the GABA receptor (receptor 
affinity studies performed at Nova Screen, Kron- 
bach, personal communication), it influences the bio- 
logical activity of GABA. Using standard electro- 
physiological techniques, it was demonstrated that 
D-23129 potentiates GABA-induced currents in cor- 
tical neurons in a dose-dependent manner at concen- 
trations below 0.1 /imol/1 [16]. A plausible explana- 
tion for the influence of D-23129 on the biological 
activity of GABA was given by means of molecular 
modelling studies [15]. Further insight in possible 
mechanisms of anticonvulsant action can be gained 
from the work of Kapetanovic et al. [5]. They 
demonstrated that D-23129 increased the amount of 
newly synthesized GABA in hippocampal slices. 
This effect was proposed to be due to a direct effect 
on cell metabolism, since it was not dependent on 
neuronal activity; addition of tetrodotoxin did not 
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abolish the increase in GABA synthesis. Taking the 
evidence on different mechanisms together, it be- 
comes clear that D-23129 may not be comparable 
with conventional antiepileptics. Comparing the in 
vivo results with the proposed mechanisms of action, 
it is still possible that other mechanisms are in- 
volved, since the drug already shows pronounced 
anticonvulsant activity in the amygdala kindling 
model at very low doses. Such new mechanisms 
might be advantageous in that currently resistant 
patients could be eventually treated, but it might also 
yield currently unknown side effects. Hints for an 
unusual side effect spectrum can be taken from the 
open field experiments indicating hyperexcitability 
in combination with sedation and muscle relaxation 
at higher concentrations. 

In conclusion, D-23129 has proven to be a broad 
spectrum anticonvulsant with oral activity in many 
animal models of epileptic seizures. Additional work 
is under way to further evaluate the drug in models 
of complex partial seizures and to clarify the mode 
of anticonvulsant action. Due to its unique chemical 
structure, the multiplicity of mechanisms of action 
and its good safety margin it is expected that D-23129 
will provide an improved treatment against refrac- 
tory epilepsy in the future. 
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three pepttd preparations, derived from different prmcins, 
and one protein free extract, produced by dialysis al cult 
blood, were tested J'ypn ul effects ol the individual prcpara* 
ttom on oxidative mctabah\w eotdd be shown, A eampara* 
ble hiyh stimulation of o.x\ y.cn consumption of brain htuna* 
senate \ h\ IT to H>$% was measured alter application of 
the peptide derivatives One of them, the peptide enriched de- 
rivative, tausetl a hn*h and not oryan specific stimulation, 
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muxtle by /'^. and 2(12%. rcspct lively, thus e.u cedin$t 
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nate led rather small elicits in brain homoyenatc 

t ompuicd with those indm ed by the peptide derivati- 
ves 
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